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PREFACE  TO  THE  FIRST  EDITION 


This  text-book  was  originally  intended  to  be  a  revised  edition 
of  Organic  Chemistry  for  Students  of  Medicine ,  by  Sir  James 
Walker,  who  generously  put  his  work  at  my  disposal.  Actually 
it  has  been  written  de  novo  (with  the  exception  of  a  few  pages 
on  polarised  light).  I  am  further  indebted  to  my  former 
colleague  in  that  the  use  of  his  book  in  teaching  my  students 
during  the  last  thirteen  years  has  doubtless  influenced  me 
unconsciously;  I  have  also  been  influenced  by  Bunge’s  admir¬ 
able  lectures,  of  a  generation  ago,  on  the  same  subject  ( Lehrbuch 
der  organischen  Chemie  fur  Mediciner ). 

There  can  be  no  doubt  that  such  attempts  to  meet  the 
special  requirements  of  the  medical  student  are  worth  while. 
The  ever-increasing  burden  of  the  curriculum  makes  it  desirable 
that  the  student  should  be  taught  what  is  really  useful  for  his 
further  studies;  much  that  is  included  in  the  preliminary 
training  of  organic  chemists  is  quite  unnecessary.  Whilst 
this  principle  probably  meets  with  general  acceptance,  and  is 
only  neglected  where  both  categories  of  students  are  taught  in 
the  same  course,  its  practical  application  involves  a  rather 
difficult  choice  of  subject-matter.  I  have  taken  the  view  that 
the  chief  reason  for  including  organic  chemistry  in  the  medical 
curriculum  is  to  provide  a  basis  for  biochemistry,  or  chemical 
physiology  and  pathology.  Therefore  more  has  been  said  about 
amino  acids,  peptides  and  even  proteins,  than  is  usual  in  a  first 
course  of  organic  chemistry ;  topics  of  biological  interest,  such 
as  /3-oxidation,  alcoholic  fermentation  and  vitamins  have  been 
dealt  with  (in  very  elementary  fashion).  On  the  other  hand, 
the  purification  and  analysis  of  organic  substances,  syntheses 
with  ethyl  acetoacetate,  and  the  transformations  of  diazonium 
compounds  have  been  omitted,  or  merely  alluded  to  in  footnotes. 
Here  and  there  I  have  included  details  which  are  illustrative, 
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rather  than  essential,  for  instance  the  ideas  which  have  led  to 
synthetic  hypnotics  ;  in  the  same  way  the  complete  list  of  amino 
acids  is  merely  intended  to  emphasise  the  diversity  of  the 
proteins.  Whether  rightly  or  wrongly  chosen,  subject-matter 
thus  selected  for  a  particular  purpose  need  in  no  way  be  of 
inferior  educational  value. 

My  thanks  are  due  to  Dr  W.  H.  Mills  of  Cambridge  and  to 
Professor  C.  S.  Gibson  of  Guy’s  Hospital,  who  have  given  me 
valuable  advice  after  reading  portions  of  the  manuscript.  I 
shall  also  be  grateful  for  criticism  from  other  colleagues,  par¬ 
ticularly  from  those  who  teach  medical  students  in  the  later 
years  of  study,  and  would  welcome  observations  from  students, 
who  after  all  will  be  the  judges  of  my  attempt  to  make  the 
presentation  as  plain  as  possible. 

GEORGE  BARGER. 


Edinburgh,  October  1932. 


PREFACE  TO  THE  SECOND  EDITION 

The  opportunity  has  been  taken  of  making  a  number  of  minor 
alterations  and  additions.  Thus,  in  response  to  an  English 
critic,  several  of  the  diagrams  have  been  redrawn,  and  in 
order  to  meet  American  criticism,  a  few  additional  substances, 
such  as  allantoin,  have  been  mentioned.  As  in  the  Spanish 
edition  of  last  year,  the  last  pages  have  been  rewritten  with 
the  object  of  indicating  the  enormous  advances  made  recently 
by  organic  chemistry  in  the  fields  of  vitamins  and  hormones. 

I  would  here  thank  all  those  colleagues  who,  by  their 
advice  and  criticism,  and  in  other  ways,  have  contributed  to 
the  favourable  reception  of  this  book. 

GEORGE  BARGER. 


Edinburgh,  October  1936. 
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INTRODUCTORY 

WHAT  IS  MEANT  BY  ORGANIC  CHEMISTRY 

The  term  “organic”  was  originally  applied  to  the  chemistry  of 
organised  (Gk.  organon ,  tool)  or  living  beings,  for  at  one  time 
animals  and  plants  were  considered  to  be  subject  to  special 
chemical  laws,  different  from  those  governing  the  mineral 
kingdom.  Some  organic  substances,  such  as  sugar,  have  been 
known  for  centuries,  but  the  early  chemists  had  no  clear 
conception  of  their  composition,  were  unable  to  prepare  them 
artificially  and  attributed  their  formation  to  a  supposed  vital 
force.  When  in  1828  Wohler  showed  that  urea,  a  typical 
animal  product — albeit  a  very  simple  one — can  be  obtained 
artificially  from  an  inorganic  salt  and  therefore  by  synthesis, 
i.e.,  by  “  putting  together  ”  its  constituent  elements  (C,  Id,  O 
and  N),  the  assumption  of  a  vital  force  became  unnecessary 
in  principle,  although  the  notion  survived  for  a  long  time  (la 
force  vitale  seule  opere  par  synthese ,  Gerhardt  1842).  Further 
constituents  of  living  organisms,  such  as  fats  and  sugars,  were 
only  synthesised,  i.e.,  built  up  artificially  at  a  much  later  date, 
and  the  synthesis  of  egg  white,  although  theoretically  con¬ 
ceivable,  is  still  in  the  very  remote  future. 

The  old  distinction  between  the  two  divisions  of  chemistry, 
implied  by  the  names  organic  and  inorganic,  has  thus  dis¬ 
appeared  ;  animals  and  plants  are  considered  to  be  subject  to 
the  same  chemical  laws  as  dead  matter.  Yet  the  term  organic 
chemistry  survives,  with  a  somewhat  different  meaning.  The 
“organic”  substances  above  mentioned  —  urea,  fats,  sugars, 
egg-white — all  contain  the  element  carbon,  and  we  now  mean 
by  organic  chemistry  the  study  of  carbon  compounds.  Carbon  is 
peculiar  among  the  elements  in  forming  a  practically  unlimited 
number  of  compounds;  over  a  quarter  of  a  million  “organic” 
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substances  have  been  described,  of  which  only  a  very  small 
proportion  occur  in  nature.  The  rest  are  merely  products  of 
the  laboratory;  aniline  dyes,  explosives,  synthetic  drugs,  etc., 
are  objects  of  large  scale  manufacture.  The  reason  why  so 
many  compounds  of  carbon  can  exist,  depends  on  the  great 
power  of  its  atoms  to  unite  with  one  another,  a  power  not 
shared  by  the  strongly  electro-positive  or  electro-negative 
elements  like  sodium  or  chlorine  which  chiefly  combine  with 
their  opposites  to  form  ionised  salts.  Most  carbon  compounds 
are  non-electrolytes. 

Relation  of  Organic  Chemistry  to  Medical  Studies. — The 

chief  object  of  the  inclusion  of  organic  chemistry  in  the  medical 
curriculum  is  to  provide  some  knowledge  of  the  chemical 
properties  of  the  constituents  of  the  human  body,  of  the  food 
materials  from  which  these  constituents  are  built  up,  and  of 
the  waste  products  to  which  they  are  broken  down.  Such 
knowledge  is  necessary  in  order  to  understand  the  chemical 
behaviour  of  the  body  in  health  (physiological  chemistry)  and 
in  disease  (pathological  chemistry).  For  instance,  the  disease 
diabetes  is  recognised  by  the  appearance  of  sugar  and  other 

abnormal  constituents  in  the  urine ;  its  treatment  depends 

largely  on  the  control  of  the  diet,  based  on  a  knowledge  of 

its  chemical  composition. 

Besides  being  a  foundation  for  physiological  and  patho¬ 
logical  chemistry,  or  in  a  wider  sense  for  the  chemical  study  of 
life  (biochemistry),  the  study  of  the  compounds  of  carbon  has 
a  minor  value  to  medical  students  in  connection  with  natural 
and  artificial  drugs,  antiseptics,  anaesthetics,  etc.  Finally,  some 
knowledge  of  the  influence  of  organic  chemistry  on  daily  life 
may  be  expected  from  the  members  of  a  scientific  profession. 

In  an  overcrowded  curriculum  the  selection  of  the  subject 
matter  is  all-important,  in  order  to  serve  the  above-mentioned 
objects  in  their  proper  proportion.  Many  things  usually 
included  in  a  course  of  organic  chemistry  will  have  to  be  left 
out ;  a  knowledge  of  the  technique  of  preparing  and  analysing 
organic  compounds  is  of  course  indispensable  to  the  organic 
chemist,  but  hardly  of  importance  to  the  physician.  Nor  is  the 
latter  interested  in  the  technology  of  manufacture.  In  one 
respect  the  medical  student  must,  however,  travel  along  a  well- 
trodden  path  ;  he  must  acquire  an  understanding  of  the 
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principles  of  molecular  architecture,  of  those  ground-plans 
called  “structural,’"  “constitutional”  or  “graphic”  formulae. 
Such  understanding,  gained  at  the  outset,  will  minimise  the 
tax  on  his  memory  and  enable  him  to  recognise  as  a  science 
what  would  otherwise  be  a  mere  collection  of  facts. 


EMPIRICAL  AND  MOLECULAR  LORMUL JE 


The  nature  and  importance  of  molecular  architecture  may 
be  illustrated  by  considering  alcohol,  the  volatile  constituent  or 
“spirit”  of  fermented  liquors.  In  order  to  study  the  chemical 
properties  of  this  substance,  we  must  first  obtain  it  in  a  pure 
state,  i.e.,  separate  it  from  other  substances  such  as  water  and 


Fig.  i. 


colouring  matter  which  accompany  it,  for  instance  in  wine. 
By  boiling  the  wine  in  a  distilling  flask  L  (Fig.  i)  and  passing 
the  vapours  through  a  tube  surrounded  by  cold  water  (the 
condenser  C)  a  colourless  liquid  is  obtained,  which  consists 
largely  of  alcohol  and  is  collected  in  the  receiver  R.  The 
“spirit  of  wine”  boils  at  78°  and  distils  over  faster  than  the 
water,  so  that  the  first  portion  (or  fraction)  of  the  distillate  is 
richest  in  alcohol.  Since  the  boiling  point  of  water  is  only  220 
higher  than  that  of  alcohol,  some  water  is  vapourised  along 
with  the  alcohol,  and  even  if  the  vapours  pass  through  a  special 
apparatus  (fractionating  column,  Fig.  2)  which  retains  the 
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less  volatile  liquid  much  better,  at  least  4  per  cent,  of  water 
passes  over.  This  can  best  be  removed  by  chemical  means, 
for  instance  by  boiling  with  quicklime.  The  calcium  oxide 
gradually  combines  with  the  water  to  form  slaked  lime,  but  does 
not  attack  the  alcohol  which  thus  becomes  the  only  volatile 
constituent.  On  distillation  a  pure  substance  is  obtained, 
anhydrous  or  absolute  alcohol.  Its  purity  can  be  recognised  by 
its  physical  and  chemical  properties.  Thus  it 
has  a  definite  boiling  point  (78°)  and  density 
(08).  It  forms  a  clear  solution  at  the  ordinary 
temperature,  when  mixed  with  paraffin  oil,  but  if 
it  contains  water,  a  milky  liquid  results.  Abso¬ 
lute  alcohol  does  not  colour  white  anhydrous 
copper  sulphate  blue,  but  when  water  is  present, 
the  blue  hydrated  salt  is  formed. 

Non-volatile  solids  are  purified  by  crystal¬ 
lisation.  By  this  process,  after  decolorising  with 
charcoal,  cane  sugar  is  produced  in  refineries 
on  a  very  large  scale,  in  a  state  bordering  on 
chemical  purity.  The  most  convenient  criterion 
of  purity  in  the  case  of  a  solid  is  its  melting 
point,  since  this  temperature  is  in  most  cases 
lowered  by  the  presence  of  other  substances 
(ice  and  salt;  alloys;  a  mixture  of  potassium 
and  sodium  in  equivalent  proportions  is  liquid 
at  room  temperature).  The  melting  point  is  easily  found  by 
introducing  a  little  of  the  substance  into  a  capillary  tube  and 
heating  this  in  contact  with  a  thermometer  in  a  fluid  of  high 
boiling  point.  Besides  the  boiling  and  melting  points  other 
criteria  are  available  (colour,  density,  solubility,  optical  rotation, 
freedom  from  ash). 

When  the  purity  of  a  chemical  substance  has  thus  been 
established  by  physical  and  chemical  tests,  we  can  deduce  its 
molecular  formula.  For  this  a  quantitative  analysis  is  necessary, 
that  is  a  determination  of  the  percentage  of  the  various  elements 
present  in  the  molecule.  It  is  of  course  essential  to  know 
first  which  elements  are  to  be  estimated,  so  that  we  begin  by 
a  qualitative  analysis.  Thus  by  burning  an  organic  substance 
in  oxygen  or  heating  it  with  copper  oxide,  the  carbon  is 
converted  into  carbon  dioxide,  which  may  be  recognised  by 
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passing  through  lime  water ;  similarly  the  hydrogen  is  burnt 
to  water.  The  quantitative  analysis  is  based  on  the  same 
principles,  with  certain  precautions.  A  weighed  quantity  of 
the  substance  is  burnt  in  a  current  of  dry  oxygen,  free  from 
carbon  dioxide,  and  the  products  are  passed  over  hot  copper 
oxide  to  ensure  their  complete  conversion  into  carbon  dioxide 
and  water.  The  water  is  distilled  into  a  weighed  calcium 
chloride  tube,  through  which  the  carbon  dioxide  passes  on  to 
a  weighed  potassium  hydroxide  bulb,  and  the  increases  in 
weight  of  the  calcium  chloride  and  potash  give  the  amounts 
of  water  and  carbon  dioxide  respectively.  Let  us  now  suppose 
that  we  had  burnt  0-2300  gm.  of  absolute  alcohol  and  obtained 
0-4400  gm.  C02  and  0-2700  gm.  HsO.  The  amount  of 

1 2 

carbon  will  then  be  —  x  0-4400  =  0-1200  gm.,  that  of  hydrogen 

44 

—  x  0-2700  =  0-0300  gm.  These  two  elements  together  account 

for  0-1500  gm.,  and  the  deficit  of  0-2300—0-1500  =  0-0800  gm. 
must  be  due  to  some  other  element,  not  analysed.  If  other 
elements,  such  as  nitrogen,  halogens,  sulphur,  phosphorus  are 
not  detected  in  the  qualitative  analysis,1  we  may  assume  that 
the  deficit  is  due  to  oxygen.  There  is  no  convenient  method 
for  its  direct  estimation  ;  its  percentage  is  found  by  difference. 
We  now  have : 

0-1200  gm.  C.  0-0300  gm.  H  0-0800  gm.  O 

C  :H  :  O  =  12:2:8  =  24:6:16 

x  y  z  °  ^ 

and  we  see  that  a  compound  C2H60  would  have  the  percentage 
composition  found  in  the  analysis  (C  =  12  ;  O  =  16). 

In  order  to  facilitate  an  understanding  of  the  principles 
involved,  round  numbers  have  been  selected  in  the  above 
example  and  the  analysis  has  been  assumed  to  be  perfectly 

1  In  most  of  the  nitrogenous  substances  with  which  we  shall  be 
concerned,  the  nitrogen  may  be  detected  as  ammonia  by  heating  the 
material  with  soda  lime.  In  all  cases  it  can  be  recognised  by  heating 
to  redness  with  a  pellet  of  potassium,  in  a  small  test  tube.  The  hot  tube 
is  plunged  into  5  c.c.  of  water,  and  after  filtration  from  glass  and  carbon, 
the  alkaline  filtrate  is  boiled  for  a  minute  with  a  little  ferrous  and  ferric  salt 
and  then  acidified.  A  green  or  blue  coloration,  due  to  Prussian  blue, 
indicates  the  formation  of  potassium  cyanide  from  the  substance,  and 
hence  the  presence  in  it  of  nitrogen.  Other  elements  (Cl,  S,  P)  are 
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accurate.  In  practice  this  is  not  the  case,  and  after  a  little 
more  arithmetic  than  was  required  above,  we  might  perhaps 
find 

C  =  51-9  per  cent.,  H  -  13-2  per  cent.,  O  =  34-9  per  cent. 

Then  Cx  :  B.y  :  O0  =  51-9  :  13-2  :  34-9 

or  I2V  :  y  :  162:  =  51-9  :  13-2  :  34-9 

because  12,  1  and  16  are  the  atomic  weights  of  C,  H  and  O 
respectively. 

Hence  *  :y  :  z  =  :  13-2  : 

^  12  0  l6 

or  x  :y  :  z  =  4-32  :  13-2  :  2-18 


There  are  fewest  oxygen  atoms,  so  that  we  next  calculate  how 
many  carbon  and  hydrogen  atoms  there  would  be,  if  only  one 
oxygen  atom  were  present ;  accordingly  we  divide  the  right 
side  by  2- 18. 


x  :y  :  z 


4‘32  .  Lb2  . 

2- 18  '  2- 18  '  1 


1.98  :  6-05  :  1 


Evidently  there  are  two  carbon  and  six  hydrogen  atoms ;  the 
small  departure  from  whole  numbers  is  due  to  experimental 
error  in  the  analysis.  As  in  the  first  example  we  obtain  the 
formula  C2H60  for  the  simplest  expression  of  the  results  of 
analytical  experiment;  this  is  the  empirical  formula  (Gk. peira, 
trial).  Such  formulae  were  the  earliest  to  be  employed,  because 
methods  for  determining  the  percentage  composition  were  dis¬ 
covered  before  it  became  possible  to  determine  the  molecular 
weight.  The  empirical  methods  were  therefore  at  first  restricted 
to  analysis.  Of  course  in  the  case  of  alcohol  such  formulae 
as  C4H1202  and  C6H180;3  would  equally  well  agree  with  the 
purely  analytical  results.  The  molecular  weights  correspond- 

converted  into  their  acids  by  heating  the  substance  with  fuming  nitric 
acid.  The  presence  of  halogen  is  at  once  recognised  by  heating  a  trace 
of  the  substance  on  an  oxidised  copper  wire,  when  the  Bunsen  flame  is 
coloured  green  by  volatile  copper  halides.  Copper  oxide  is  not  volatile 
and  does  not  colour  the  flame.  The  copper  wire  should  first  be  oxidised 
in  the  flame,  until  it  gives  no  more  colour.  This  delicate  and  convenient 
test  does  not  enable  us  to  distinguish  between  chlorine,  bromine  and 
iodine. 
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ing  to  the  three  formulae  under  discussion  are  however  46, 
2  X46  =  92  and  3  x  46  =  138.  A  choice  between  them  can  be 
made  by  the  (later)  extension  of  empirical  methods  to  the 
determination  of  the  molecular  weight.  In  the  case  of  a 
volatile  liquid  like  alcohol  we  can  readily  obtain  the  molecular 
weight  from  the  vapour  density.  Thus  if  alcohol  vapour  were 
found  to  be  approximately  22  times  as  heavy  as  hydrogen 
under  the  same  conditions  of  temperature  and  pressure,  the 
molecular  weight  of  alcohol  would  be  approximately  2  x  22  =  44, 
or  exactly  46,  not  92  or  138.  Vapour  density  determinations 
are  apt  to  be  less  accurate  than  gravimetric  analysis.  Similarly 
a  molecular  weight  determination  by  measuring  the  lowering 
of  the  freezing  point  of  a  solution  would  only  give  an 
approximate  result,  say  43,  or  48,  but  in  any  case  near  enough 
to  the  exact  value  46  to  enable  us  to  choose  the  proper  multiple 
of  the  formula  C2H60.  In  this  way  we  arrive  at  the  molecular 
formula,  which  in  the  particular  case  of  alcohol  is  the  same  as 
the  empirical. 1 

MOLECULAR  ARCHITECTURE 

We  have  thus  established  that  the  molecule  of  alcohol  is 
actually  built  up  of  two  carbon  atoms,  six  hydrogen  atoms  and 
one  oxygen  atom.  How  are  these  atoms  arranged  ?  Is  the 
oxygen  attached  to  only  one  carbon  atom,  or  is  it  attached  to 
both,  and  a  bridge  between  them  ?  What  is  the  constitutional 
or  structural  formula  of  alcohol  ?  The  determination  of  con¬ 
stitution  or  structure  may  be  a  formidable  problem  in  the  case 
of  complicated  organic  substances ;  here  it  is  simple ;  in  all 
cases  we  proceed  by  investigating  the  chemical  behaviour  of  the 
substance.  It  is  found  that  in  alcohol  there  is  one  hydrogen 
atom  which  can  be  readily  replaced  by  sodium,  just  as  one  can 
be  so  replaced  in  water.  The  action  of  sodium  on  absolute 

1  Most  organic  substances  are  not  sufficiently  volatile  to  permit  of  a 
determination  of  their  vapour  density,  but  their  molecular  weight  can  be 
found  from  the  depression  of  the  freezing  point  when  they  are  dissolved 
in  a  suitable  solvent  (water,  glacial  acetic  acid,  benzene,  phenol,  camphor). 
Whilst  the  molecular  lowering  of  the  freezing  point  of  water  is  only  i-86° 
that  of  camphor  is  40°,  so  that  the  determination  of  the  melting  point  of 
mixtures  of  known  composition,  in  melting  point  tubes  with  an  ordinary 
thermometer,  suffices  in  the  case  of  the  latter  solvent. 
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alcohol  is  similar  to  that  on  water,  only  less  vigorous. 
Hydrogen  is  evolved,  the  sodium  dissolves,  and  heat  is 
generated.  From  a  cooled  concentrated  solution  a  white 
crystalline  solid  separates  and  after  evaporation  of  the  excess 
of  alcohol  it  has  the  composition  C2H5ONa.  From  this  we 
may  infer  that  in  alcohol  one  hydrogen  atom  differs  from  the 
other  five. 

We  can  trace  yet  another  analogy  between  alcohol  and 
water.  Phosphorus  halides  react  with  water  to  form  halogen 
acids,  a  change  which  amounts  to  the  replacement  of  -OH  by 
halogen  ;  for  instance,  hydriodic  acid  is  prepared  as  follows  : — 

3HOH  +  PI3  =  3HI  +  HgPOg 

A  quite  similar  reaction  takes  place  with  alcohol : 

3C2H5OH  +  Pig  =  3C2H5I  +  HgPOg 

C2H5I,  insoluble  in  water,  is  a  neutral  liquid  (carbon  com¬ 
pounds  are  generally  not  electrolytes).  We  have  now  succeeded 
in  removing  from  alcohol  not  only  a  hydrogen  atom,  as  was 
done  by  sodium,  but  an  oxygen  atom  as  well.  We  have 
retained  the  univalent  group  C2H5-  in  combination  with 
iodine.  It  will  be  useful  to  give  this  group  a  name:  we  will 
call  it  the  ethyl  group  (from  ether,  Gk.  aither ,  the  clear  sky ; 
aitho ,  burn,  shine).  It  can  no  more  exist  by  itself  than  can  the 
ammonium  group  NH4-,  but  just  as  the  term  ammonium  is 
useful  for  naming  such  compounds  as  ammonium  iodide  and 
ammonium  hydroxide,  so  the  term  ethyl  is  valuable  for  the 
nomenclature  of  organic  compounds.  The  substance  C2H5I  is 
therefore  called  ethyl  iodide,  and  a  perfectly  intelligible,  if 
slightly  unusual  name  for  alcohol  would  be  ethyl  hydroxide  ; 
the  hydrogen  atom  and  the  oxygen  atom  which  we  have 
replaced  by  iodine,  are  present  in  alcohol  as  the  hydroxyl 
group  -OH,  which  also  occurs  in  ammonium  hydroxide  and  in 
water. 

C2H5.OH  NH4.OH  H.OH 

The  compound  obtained  by  the  action  of  sodium  on  alcohol, 
C2H5ONa,  is  called  sodium  ethoxide.  Here  sodium  is  directly 
united,  not  with  an  ethyl  group,  but  with  ethyl -f  oxygen,  the 
ethoxy  group  C2H,(0-.  The  ethyl  group  occurs  in  a  variety 
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of  other  compounds,  for  instance  in  ordinary  ether.  Although 
this  substance  is  usually  made  directly  from  alcohol,  it  can  be 
formed  by  the  interaction  of  sodium  ethoxide  and  ethyl  iodide  : 

C2H5I  +  NaOC2H5  =  Nal  +  C2H5.O.C2H5 

Ether  is  thus  seen  to  be  (C2H5)20  or  ethyl  oxide,  and  is  a 
substance  no  longer  containing  a  hydroxyl  group ;  it  is  not 
acted  on  by  sodium,  nor  by  phosphorus  halides. 

We  must  now  consider  how  the  univalent  group  C2H5-  is 
built  up.  It  is  present  in  alcohol,  in  ethyl  iodide,  in  sodium 
ethoxide  and  in  ether  ;  it  is,  as  it  were,  the  root  from  which  all 
four  compounds  are  derived  ;  hence  such  a  group  is  called  a 
radicle  (L.  radix  -ids,  root).  We  arrive  at  its  constitution  by 
considering  the  valencies  of  carbon  and  hydrogen.  A  study  of 
a  large  number  of  compounds  has  established  the  fact  that 
carbon  has  four  valencies,  oxygen  two  and  hydrogen  only  one. 
In  illustration  we  may  mention  the  one  hydride  of  carbon 
containing  a  single  carbon  atom,  viz.,  methane,  CH4,  which 
shows  carbon  to  be  quadrivalent.  (The  quadrivalency  of 
carbon  is  also  shown  by  such  compounds  as  CC14  and  C02.) 
The  univalent  hydrogen  cannot  act  as  a  link  between  the  two 
carbon  atoms  of  the  ethyl  group ;  hence  the  two  carbon  atoms 
must  be  united  to  each  other,  so  that  the  ethyl  group  and 
alcohol  are  represented  respectively  by  the  formulae  : 


H 

H 

H 

H 

-C- 

-C— 

and 

H.C 

C.O.H 

H 

H 

H 

H 

Both  the  lines  and  dots  are  ways  of  representing  the  bonds  or 
linkages  by  which  the  atoms  are  attached  to  each  other.  In 
this  structural  formula  of  alcohol  we  see  that  all  four  valencies 
of  each  carbon  atom  and  both  valencies  of  the  oxygen  atom 
come  into  play,  are  utilised,  are  “  satisfied,”  and  this  is  a  funda¬ 
mental  requirement  for  the  structural  formula  of  any  organic 
substance  with  which  we  have  to  deal.  The  recognition  of  this 
rule,  and  of  the  quadrivalency  1  of  carbon,  led  to  great  advances 

1  The  carbon  in  carbon  monoxide  and  a  few  other  substances  is  bivalent, 
and  some  complicated  substances  are  known  in  which  carbon  is  trivalent, 
but  the  latter  have  no  biological  significance  and  do  not  concern  us. 


STRUCTURAL  FORMULAE 


1 1 


in  organic  chemistry ;  it  will  also  be  of  the  utmost  use  in  our 
present  studies. 

In  the  ethyl  radicle  there  is  a  free  valency,  but  as  has  been 
stated  this  radicle  is  no  more  capable  of  independent  existence 
than  is  the  free  hydrogen  atom  H-  or  the  free  ammonium 
group  NH4-  Just  as  two  nascent  hydrogen  atoms  will  at 
once  combine  to  form  a  molecule,  so  two  free  ethyl  groups  will 
unite  to  form  C2H5 — C2H5 ;  all  attempts  to  prepare  the  ethyl 
radicle  have  failed  ;  they  are  apt  to  result  in  (C2H5)2  or  C4H10,  a 
hydrocarbon  in  which  all  the  valencies  are  satisfied. 

H  H  H  H 

H  •  C  •  C - C-C-H 

•  •  •  • 

H  H  H  H 


For  instance,  the  removal  of  iodine  from  ethyl  iodide  by 
means  of  sodium  results  in  a  hydrocarbon  (butane,  p.  37). 


C2H5 


C2H5  =  2NaI  +  C2H5 .  C2H5. 


I  +  2Na  +  I 


ALIPHATIC  COMPOUNDS,  MOSTLY  CONTAINING 
ONE  OR  TWO  CARBON  ATOMS 


ALCOHOLIC  FERMENTATION;  ECONOMIC 
IMPORTANCE  OF  ALCOHOL 

The  fact  that  fruit  juices  and  other  solutions  containing  sugar 
can  undergo  fermentation,  was  observed  in  very  ancient  times 
(Genesis  ix.  20),  and  we  now  knowT  that  in  this  process  alcohol 
and  carbon  dioxide  are  produced  from  grape  sugar  according  to 
the  equation  : 

C6H1206  =  2C0H.OH  +  2C02. 

We  now  also  know  that  this  change  is  produced  by  the 
growth,  in  the  solution,  of  yeast,  a  microscopic  fungus  which 
produces  an  organic  catalyst  called  zymase.  This  catalyst  may 
bring  about  the  above  reaction  even  when  no  yeast  cells  are 
present.  Such  organic  catalysts  are  of  the  greatest  biological 
importance  and  are  known  as  ferments  (L.  fervere ,  boil)  or 
enzymes  (Gk.  zume ,  leaven,  from  zed ,  boil.  In  the  particular 
case  of  alcoholic  fermentation  the  “boiling”  is  simulated  by 
the  evolution  of  carbon  dioxide.)  The  yeast  plant,  being 
present  on  the  grape  itself,  spontaneously  multiplies  in  the 
expressed  juice.  The  amount  of  alcohol  produced  depends 
on  that  of  the  sugar  available;  in  the  more  northern  latitudes 
light  wines  (claret,  hock)  contain  on  the  average  6  to  10  per 
cent,  of  alcohol,  but  even  when  much  sugar  is  present,  the 
alcohol  in  “natural”  wines  does  not  usually  exceed  14  per 
cent.,  for  at  this  concentration  the  growth  of  nearly  all 
yeasts  is  stopped.  When  all  the  sugar  present  has  been 
fermented,  a  dry  wine  results ;  if  fermentation  is  stopped 
earlier  the  wine  is  fruity.  Sparkling  wines  are  produced  by 
adding  sugar  after  the  fermentation  is  complete,  bottling  and 
allowing  a  second  fermentation  to  go  on,  in  which  the  carbon 
12 
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dioxide  (the  other  product  of  fermentation)  cannot  escape. 
Red  wines  are  made  by  leaving  the  skins  in  the  vats  during 
fermentation,  so  that  the  colouring  matter  passes  into  solution. 
It  is  significant,  as  showing  their  slight  aptitude  for  chemical 
investigation,  that  the  Ancients  failed  to  discover  the  character¬ 
istic  volatile  substance,  the  “spirit”  of  wine.  Alcohol,  as  the 
name  implies,  was  an  Arabian  discovery  (compare  alkali  and 
algebra).  By  a  process  of  distillation  stronger,  “spirituous” 
liquors  are  obtainable;  that  from  wine  is  called  brandy  and 
may  contain  40  to  60  per  cent,  of  alcohol ;  certain  wines  (port, 
sherry)  are  “fortified”  by  the  addition  of  alcohol  of  which 
they  may  contain  16  per  cent,  and  over. 

Of  other  fruit  juices,  that  of  the  apple  is  most  frequently 
employed  ;  cider  may  contain  from  4  to  8  per  cent,  of  alcohol. 
The  sap  of  certain  palms,  rhubarb,  even  flowers  like  the  cowslip, 
are  employed.  Diluted  honey  was  used  by  the  ancient  Teutons 
to  prepare  mead,  and  added  cane  sugar  is  the  source  of  the 
alcohol  in  ginger  beer  (less  than  2  per  cent.).  A  fermented 
liquid  of  animal  origin  is  “  kephir,”  the  national  beverage  of 
the  Caucasus;  it  is  prepared  from  milk  by  the  action  of  a 
peculiar  mixture  of  yeasts  and  bacilli  capable  of  transforming 
milk  sugar  into  alcohol  (milk  sugar  and  grape  sugar  are  distinct 
substances).  The  product  from  mares’  milk  may  contain  1-9  per 
cent,  of  alcohol,  that  from  cows’  milk  0-75  per  cent. 

Most  of  the  world’s  alcohol  is,  however,  not  prepared  from 
pre-formed  sugar,  but  from  the  starches  of  cereals  and  the 
potato.  From  the  former  beer  and  whisky  are  produced,  from 
the  latter  the  alcohol  used  for  industrial  purposes.  Raw  grain, 
such  as  barley,  contains  as  reserve  material  for  the  young  plant 
a  considerable  quantity  of  starch,  but  practically  no  sugar. 
Starch  does  not  ferment  until  it  has  been  transformed  into 
sugar  and  in  brewing  this  transformation  is  effected  by  a 
biological  process,  the  same  as  that  used  by  the  germinating 
barley  plant.  The  highly  complex  colloidal  starch  will  not 
pass  through  the  cell  membranes  to  the  growing  point;  it  has 
first  to  be  broken  down  to  a  simpler  compound,  by  a  process 
of  hydrolysis,  which  is  catalysed  by  ferments  or  enzymes, 
developed  in  the  germinating  seed.  These  catalysts  and  the 
sugars  involved  will  be  considered  later  in  dealing  with  starch. 

In  order  to  make  beer,  the  barley  has  first  to  be  malted ; 
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it  is  moistened,  spread  on  the  malting  floor  and  allowed  to 
sprout  for  some  days.  This  results  in  the  partial  hydrolysis 
of  the  starch  and  particularly  in  a  considerable  formation  of 
enzymes.  The  youngbarley  plants  are  next  killed  by  moderate 
heat  and  then  constitute  malt.  In  brewing,  the  malt  is  ground 
and  mixed  in  mash  tons  with  warm  water;  the  enzymes  rapidly 
act  on  the  remaining  starch,  and  can  even  act  on  extraneous 
starch,  added  in  the  form  of  rice  or  maize.  In  this  way  a  liquid 
is  obtained,  termed  wort,  containing  sugar  and  other  extractives 
of  the  malt.  By  boiling  with  hops  the  wort  acquires  a  bitter 
flavour  and  is  sterilised.  After  it  has  been  filtered,  yeast  is 
added,  usually  a  pure  culture  of  a  definite  strain.  At  this  stage 
there  is  often  also  added  a  mixture  of  crude  sugars,  made  by 
heating  starch  [e.g.  from  potatoes)  with  mineral  acid.  This 
latter  process  is  the  non-biological  equivalent  of  the  conversion 
of  starch  into  sugar  by  malting.  The  sugar  from  either  source 
(barley  or  potato)  is  converted  by  the  yeast  into  alcohol  and 
carbon  dioxide;  the  latter  is  often  utilised  by  compressing  it 
in  steel  cylinders  and  is  then  employed  in  the  manufacture  of 
mineral  waters,  etc.  The  amount  of  alcohol  present  in  English 
mild  ale  is  about  3-5,  in  German  export  beer  about  4  per  cent., 
in  Burton  Pale  Ale  and  Dublin  Stout  about  5*5  per  cent. 
The  average  of  British  beer  in  1930  was  about  4  per  cent,  as 
against  5-5  per  cent,  fifty  years  earlier.  The  difference  between 
ale  and  stout  is  due  to  the  temperature  at  which  the  malt 
has  been  heated  ;  stout  is  made  from  malt,  which  has  been 
kilned  at  a  high  temperature,  whereby  its  starch  is  partly 
decomposed  to  brown  substances  (caramel),  as  in  the  toasting 
of  bread. 

Spirits  are  produced  by  the  distillation  of  crude  fermented 
liquor,  whisky  from  malt,  rum  from  cane  sugar  molasses,  etc. 
By  the  use  of  a  simple  still  (pot-still)  various  volatile  substances, 
other  than  alcohol,  pass  over  and  impart  a  peculiar  flavour  to 
the  product,  but  most  whisky  is  distilled  through  an  elaborate 
fractionating  column  (patent  still)  which  allows  little  more  than 
alcohol  and  water  to  pass  over.  Flavour  is  then  imparted  by 
blending  with  a  small  quantity  of  pot-still  whisky  or  by  various 
secret  flavouring  agents.  Whisky  contains  about  36  per  cent, 
of  alcohol  by  weight.  Gin,  with  40  to  50  per  cent,  of  alcohol 
owes  its  flavour  to  essential  oil  of  juniper.  Industrial  alcohol 
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is  obtained  from  various  cheap  sources  of  sugar ;  potatoes 
(in  Germany)  come  first,  but  maize,  sugar  molasses  and  other 
waste  products  are  used  to  some  extent.  Potato  starch  is  con¬ 
verted  into  sugar  by  adding  malt;  sometimes  a  mould  of 
Japanese  origin  is  employed,  which  not  only  converts  starch 
into  sugar,  but  also  ferments  the  latter,  so  that  yeast  is 
unnecessary.  Industrial  alcohol  is  used  as  a  source  of  heat, 
as  a  solvent  for  varnishes,  and  in  the  manufacture  of  pharma¬ 
ceutical  and  other  chemical  preparations.  It  is  not  subject 
to  Excise  duty,  and  therefore,  considering  the  very  large 
contribution  made  by  the  consumers  of  alcoholic  beverages 
to  the  Exchequer  (see  p.  16),  it  is  important  that  duty-free 
spirit  should  not  be  drunk.  It  is  therefore  made  unpalatable 
by  the  addition  of  “  denaturating  ”  agents,  principally  methyl 
alcohol  (p.  31).  In  Britain  there  are  two  kinds  of  methylated 
spirit :  industrial  methylated,  which  may  only  be  used  by 
manufacturers  under  certain  restrictions,  and  contains  5  per 
cent,  of  methyl  alcohol,  and  mineralised  methylated,  which  can 
be  bought  retail  by  the  general  public  and  contains  10  per  cent, 
of  methyl  alcohol  together  with  0-4  per  cent,  of  mineral  naphtha 
(paraffin  hydrocarbons).  Owing  to  the  presence  of  the  latter, 
mineralised  spirit  becomes  turbid  on  dilution  with  water ;  it  is 
further  distinguished  by  containing  an  aniline  dye  in  solution. 
The  ideal  denaturating  agent  has  not  yet  been  found;  it  should 
make  the  spirit  absolutely  unfit  for  human  consumption,  be 
separable  from  the  alcohol  only  with  great  difficulty,  and  not 
interfere  with  the  legitimate  uses  of  the  alcohol.  Rectified 
spirit  is  pure  ethyl  alcohol  containing  5  to  10  per  cent,  of  water. 
By  distillation  by  itself  through  a  still  head,  the  strength  of 
alcohol  cannot  be  raised  above  96  per  cent.,  as  such  a  mixture 
boils  at  a  lowrer  temperature  than  absolute  alcohol.  The  small 
proportion  of  water  remaining  may  be  removed  by  chemical 
means  (quicklime  ;  not  by  calcium  chloride  or  sulphuric  acid, 
which  form  compounds  with  alcohol). 

At  1 50  pure  absolute  alcohol  has  a  density  of  0-794  and 
water  one  of  0-999,  but  if  equal  volumes  of  water  and  alcohol  are 
mixed  the  resulting  density  is  0-933  or  distinctly  higher  than 
the  mean  density  of  the  constituents  K°794  +  0,999)  =  0-896. 
The  reason  is  that  a  contraction  of  about  one  fortieth  takes 
place  on  mixing.  The  composition  of  a  mixture  of  ethyl 
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alcohol  and  water  can,  however,  be  found  from  a  table  of 
densities  1 ;  the  density  is  ascertained  by  means  of  a  hydro¬ 
meter.  In  the  case  of  beer  it  is  of  course  no  measure  of 
the  alcohol  content,  since  beer  contains  other  non-volatile 
substances  in  solution.  By  distilling  off  a  sufficiently  large 
aliquot  portion,  say  one  half,  we  can,  however,  obtain  a  mixture 
of  water  with  all  the  alcohol;  we  can  find  the  alcoholic  content 
of  this  mixture  from  its  density  and  thus  calculate  the  alcoholic 
content  of  the  beer.  If  half  the  beer  had  been  distilled  its 
percentage  of  alcohol  would  be  half  that  of  the  distillate.  If 
the  distillate  containing  all  the  alcohol  measures  one  third  of 
the  volume  of  the  beer,  then  the  alcohol  content  of  the  latter 
would  be  one  third  of  that  of  the  distillate.  Owing  to  the 
difference  in  density  between  alcohol  and  water,  the  percentage 
by  weight  of  a  given  mixture  is  less  than  its  percentage  by 
volume.  Thus  proof  spirit  (originally  the  most  dilute  alcohol 
which,  mixed  with  gunpowder,  would  not  prevent  the  ignition 
of  the  latter)  contains  49-3  per  cent,  of  alcohol  by  weight  and 
57-1  per  cent,  by  volume.  For  revenue  purposes  the  strength  of 
alcohol  is  still  expressed  in  percentages  over  and  under  proof. 
Thus  whisky  of  30  per  cent,  under  proof  contains  in  100  c.c. 
70  c.c.  of  proof  spirit,  i.e.}  40  c.c.  of  absolute  alcohol  or  33-3  per 
cent,  by  weight. 

The  British  consumption  in  1930  corresponded  to  nearly 
50  million  gallons  of  absolute  alcohol,  of  which  about  79-5  per 
cent,  was  taken  as  beer,  13  per  cent,  as  spirits,  4-75  per  cent,  as 
foreign  wines  and  2-75  per  cent,  as  cider,  British  wines,  etc. 
The  total  cost  to  the  consumer  was  ^277,500,000  or  one- 
thirteenth  of  the  national  income;  of  this  sum  43-5  per  cent, 
flowed  into  the  Exchequer. 

1  Alcohol  which  is  10  per  cent,  by  volume  has  at  150  a  density  of  0-9857, 
and  that  of  30  per  cent,  a  density  of  0-9646.  Between  these  limits  the 
relationship  is  linear;  each  additional  per  cent,  by  volume  lowers  the 
density  by  almost  exactly  o-ooio,  so  that  within  this  range  a  table  can  be 
dispensed  with. 


ETHYL  HALIDES,  ETHYL  ETHER 


We  have  already  briefly  noticed  sodium  ethoxide,  ethyl 
iodide  and  ether  in  considering  the  constitution  of  alcohol. 
Ethyl  chloride,  C2H5C1,  is  formed  from  alcohol  by  the  action  of 
gaseous  hydrochloric  acid  : 

C2H5.OH  +  HC1  -  C2H5Cl  +  HOH 

and  by  that  of  the  chlorides  of  phosphorus  : 

C2H5.OH  +  PC15  =  C2H5C1  +  POCI3  +  HC1 

Ethyl  chloride  boils  at  12°  and  is  supplied  in  glass  tubes  in  the 
liquid  condition.  Hence  at  room  temperature  the  pressure  is 
slightly  above  the  atmospheric  and  on  opening  the  valve  a  jet 
of  the  liquid  issues.  When  this  is  directed  on  to  the  skin  the 
rapid  evaporation  of  the  ethyl  chloride  produces  cold  and 
enough  local  anaesthesia  to  allow  of  minor  operations  being 
performed.  Mixtures  of  ethyl  chloride  and  ethyl  bromide  are 
also  used  for  minor  operations  to  induce  general  anaesthesia  by 
inhalation. 

Ethyl  iodide,  made  from  phosphorus  tri-iodide  and  alcohol, 
is  a  colourless  liquid  when  pure,  and  boils  at  72°.  On  exposure 
to  air  and  light  it  gradually  acquires  a  yellow  or  reddish 
colour,  owing  to  the  liberation  of  a  little  iodine  which  remains 
dissolved. 

Ethyl  ether  or  ethyl  oxide,  (C2H5)20.  We  have  already 
seen  that  this  substance  can  be  produced  according  to  the 
equation : 

C2H5 .  O .  Na  +  I.C2H5  =  C2H5.O.C2H5  +  Nal 

* 

It  is,  however,  made  more  conveniently  by  removing  one 
molecule  of  water  from  two  molecules  of  alcohol  by  means  of 
concentrated  sulphuric  acid.  This  dehydration  is  not  so  direct 
17  B 
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as  the  above  statement  would  indicate.  On  mixing  alcohol 
with  concentrated  sulphuric  acid  the  two  at  once  form  an 
anhydride. 


C2H5.OH  + 


c2H5.o, 


HO" 


O 


O 


+  HOH 


The  resulting  compound  is  sulphuric  acid  in  which  one  hydrogen 
atom  has  been  replaced  by  the  ethyl  radicle  and  hence  may  be 
called  ethyl  hydrogen  sulphate,  in  analogy  to  sodium  hydrogen 
sulphate ;  it  may  also  be  termed  ethyl  sulphuric  acid.  On 
heating  this  substance  with  alcohol  to  140°,  ether  distils  over 
and  sulphuric  acid  is  regenerated. 

HO  C,H5.0  C2H5X  HOx 

i  +  xso2  =  >0  +  >so2 

C2H5  HO7  "  C2h/  HO/ 

A  thermometer  is  placed  in  the  liquid,  not  above  it  (as  in  the 
determination  of  a  boiling  point),  for  in  the  latter  case  it  would 


merely  register  the  temperature  of  the  vapour  given  off.  The 
regenerated  sulphuric  acid  can  react  with  further  quantities  of 
alcohol,  which  are  run  in  through  a  dropping  funnel,  and  the 
action  could  go  on  indefinitely,  were  it  not  that  the  water 
formed  dilutes  the  sulphuric  acid,  and  that  secondary  reactions 
also  take  place.  Besides  ether,  the  distillate  contains  water, 
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A 


alcohol  and  sulphurous  acid.  (The  concentrated  sulphuric  acid 
acts  to  some  extent  as  an  oxidising  agent.)  The  dis¬ 
tillate  is  shaken  in  a  tap  funnel  with  dilute  caustic  soda 
to  remove  sulphurous  acid  and  then 
with  strong  calcium  chloride  solution. 

This  removes  the  sulphurous  acid  and  the 
alcohol,  but  the  ether  is  not  very  soluble 
in  water,  still  less  in  salt  solutions,  and 
forms  a  separate  upper  layer  (Fig.  4,  b). 

This  layer  which  retains  some  water  in 
solution,  is  finally  dried  with  solid  calcium 
chloride,  and  distilled  (b.p.  350;  d.  =072). 

It  is  volatile  and  inflammable. 

Ether  contains  no  hydroxyl  group, 
and  is  therefore  much  less  reactive  than  k 
alcohol ;  in  particular  it  does  not  react 
with  sodium  (which  may  be  used  for  Fig.  4. 

drying  it  thoroughly),  nor  with  phosphorus 
halides.  Alcohol  is  to  some  extent  intermediate  between 
water  and  ether 


/ 


B 


H.O.H 


C2H5 .  O .  H 


C2H5 .  O .  C2H5 


and  is  miscible  in  all  proportions  with  the  other  two,  but  ether 
and  water  only  dissolve  each  other  to  a  limited  extent.  It  will 
be  useful  to  notice  that  as  a  general  rule  “like  dissolves  in 
like ;  hydroxylated  substances  are  apt  to  dissolve  in  each 
other,  and  particularly  in  water;  substances  without  hydroxyl, 
such  as  ethyl  iodide  and  ether,  usually  do  not  mix  with  water, 
but  are  on  the  other  hand  good  solvents  for  paraffins,  fats  and 
other  substances  devoid  of  hydroxyl.  Ether  is  a  fat  solvent 
and  connected  with  this  is  its  use  as  an  inhalation  anaesthetic 
(see  p.  46).  A  minor  application  depends  on  its  low  boiling 
point ;  a  spray  of  ether  may  be  employed  to  freeze  tissues  while 
cutting  them  with  a  microtome  (compare  the  use  of  ethyl 
chloride,  p.  17). 

Owing  to  its  method  of  preparation  ethyl  ether  is  some¬ 
times  called  sulphuric  ether,  a  bad  name,  for  it  contains 
no  sulphur. 
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OXIDATION  OF  ALCOHOL.  ACETALDEHYDE 

The  oxidation  of  the  hydrocarbon  ethane  can  only  proceed 
by  introducing  an  oxygen  atom  between  carbon  and  hydrogen, 
thus  converting  the  latter  into  a  hydroxyl  group.  In  practice 
this  reaction  is  not  feasible ;  ethane  is  only  attacked  under 
violent  conditions,  which  bring  about  the  total  disruption  of 
the  molecule.  In  ethyl  alcohol,  in  which,  as  it  were,  the 
united  front  of  hydrogen  atoms  has  already  been  breached  by 
the  presence  of  a  hydroxyl  group,  two  hydrogen  atoms  are 
readily  removed  from  the  carbon  atom  bearing  oxygen.  This 
removal  of  hydrogen  takes  place  to  some  extent  catalyticaily, 
but  most  readily  when  an  oxidising  agent  supplies  oxygen  for 
the  formation  of  water  : 

H  H  H  H 

HC.C.OH  +  0  =  HC.C~^  +  H20 

H  H  H  ^-0 

The  new  substance  has  its  oxygen  united  to  the  carbon  by 
two  valencies,  by  a  double  bond.  It  is  called  an  aldehyde, 
a  contraction  of  alfcohol]  dehyd[rogenatus].  The  bivalent 
-CO-  group  is  called  carbonyl. 

We  might  be  tempted  to  call  this  particular  substance  ethyl 
aldehyde,  to  indicate  its  origin  from  ethyl  alcohol,  but  it  no 
longer  contains  an  ethyl  group,  and  since  it  can  also  be  obtained 
from  acetic  acid,  it  is  termed  acetaldehyde.  Acetaldehyde  is 
readily  prepared  by  warming  dilute  alcohol  with  potassium 
dichromate  and  sulphuric  acid.  The  reddish  colour  of  the 
chromic  acid  gradually  changes  to  the  green  of  chromic  sulphate, 
and  the  acetaldehyde  distils  out.  Since  it  boils  at  21°,  it  is 
made  to  pass  through  an  ascending  condenser,  through  which 
water  at  about  30°  circulates;  thus  the  unchanged  alcohol 
(b.p.  78°)  and  water  are  largely  kept  back.  The  aldehyde  passes 
into  a  flask  containing  dry  ether  cooled  in  ice.  Since,  owing  to 
the  proximity  of  their  boiling  points,  ether  and  acetaldehyde 
cannot  be  separated  by  fractional  distillation,  the  aldehyde  is 
isolated  in  another  way.  At  the  end  of  the  reaction  the  flask  is 
removed,  and  the  ethereal  solution  of  the  aldehyde  is  thereupon 
saturated  with  ammonia  gas ;  this  causes  the  separation  of 
a  white  crystalline  addition  compound,  aldehyde  -  ammonia, 
C2IT40,  NH3.  Small  quantities  of  alcohol  remain  dissolved  in 
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the  ether.  After  filtering  off  the  aldehyde-ammonia,  it  is  only 
necessary  to  warm  it  with  dilute  sulphuric  acid,  in  order  to 
liberate  the  aldehyde,  which  can  be  condensed,  dried  and 
redistilled.  On  a  manufacturing  scale  acetaldehyde  and  some 
of  its  derivatives  are  prepared  from  acetylene,  and  since  the 
latter  gas  is  made  via  calcium  carbide  from  coke  (see  p.  64) 
this  constitutes  a  synthesis  of  acetaldehyde  from  its  elements. 
The  essential  reaction  is  the  hydration  of  acetylene  with  a 
mercury  salt  as  catalyst. 

H 

CH=CH  +  H20  =  CH3 .  C  :  O 


Acetaldehyde  can  be  reduced  to  ethyl  alcohol  and  during 
the  world  war  this  was  actually  done  industrially  in  Switzerland, 
where  water  power  and  cheap  electricity  are  available  for  the 
manufacture  of  calcium  carbide.  At  present  it  is  generally 
more  economical  to  obtain  alcohol  by  biological  means,  from 
potato  starch;  the  manufacture  of  acetic  acid  by  the  oxidation 
of  acetaldehyde  (from  acetylene),  is  however  becoming  more 
and  more  important. 

Acetaldehyde  is  a  colourless,  volatile  liquid,  soluble1  in 
water,  alcohol  and  ether,  and  having  a  somewhat  pungent 
characteristic  odour.  The  chemical  properties  of  the  aldehydes 
depend  on  the  double  bond  between  the  oxygen  and  the  carbon. 
A  double  bond  is  in  reality  a  ring  in  which  the  valencies  are 
strained  from  their  natural  positions.  It  can  open  out  like 
a  hoop  and  atoms  or  groups  of  atoms  can  be  attached  to  the 
free  ends.  This  is  the  explanation  of  the  addition  of  ammonia  : 


H 

CHs.O 


+  H .  NH, 


O 


H 

CHg.C— NH2 
OH 


Similarly  nascent  hydrogen  reduces  acetaldehyde  to  ethyl 
alcohol : 

H  H 

CH3.C-^  +  2H  =  CHg.CH 

v-°  o 

H 

1  The  solubility  of  acetaldehyde  in  water  is  perhaps  connected  with  a 
possible  hydration  to  a  form  with  two  hydroxyl  groups,  CH3.  HC(OH)2. 
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Aldehydes  further  unite  with  sodium  hydrogen  sulphite  to 
form  crystalline  addition  compounds  : 


H 

ch3  .  C- 


^-o 


H 

+  NaHS03  =  CH3 .  C .  S03Na 

• 

O 

H 


and  with  hydrocyanic  acid  to  form  cyanohydrins  : 


H 

CHS.C- 


H 

+  h.c  :  n  =  ch3.c.c  :  n 

O 

H 


In  these  cases,  as  in  that  of  aldehyde-ammonia,  a  hydrogen 
atom  becomes  attached  to  the  doubly-bound  oxygen  atom, 
which  is  thus  converted  into  hydroxyl.  Finally  several 
molecules  of  an  aldehyde  may  unite  with  one  another.  When 
a  drop  of  concentrated  sulphuric  acid  is  added  to  pure 
acetaldehyde,  a  vigorous  reaction  takes  place. 


H  CHc 


H  CH, 


C 


O  O 

Hx  ||  /H 

>C  C( 


c 


o  o 

I T  I  I  /H 


CHo 


CH, 


CHc 


>c  c 


CHc 


O 


O 


A  new  substance,  paraldehyde,  is  formed  from  three  molecules 
of  acetaldehyde.  Mixed  with  water  it  forms  a  separate  upper 
layer,  for  on  account  of  its  greater  molecular  complexicity  and 
the  absence  of  hydroxyl  groups,  it  is  only  slightly  soluble  in 
water.  Paraldehyde,  like  ether,  has  its  oxygens  between 
carbon  atoms;  it  contains  no  carbonyl  group  and  is  indeed 
a  cyclic  ether.  The  substance  has  a  not  unpleasant  odour, 
quite  different  from  that  of  the  rather  pungent  acetaldehyde, 
and  is  used  in  medicine  as  a  hypnotic. 


The  union  of  molecules  of  the  same  kind  to  form  a  more 
complex  compound  is  called  polymerisation  (Gk.  polus ,  many ; 
meroSy  apart).  The  percentage  composition  remains  unchanged, 
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but  the  molecular  weight  may  be  many  times  that  of  the 
substance  from  which  the  polymeride  is  formed.  In  inorganic 
chemistry  nitrogen  peroxide  provides  an  example  of  poly¬ 
merisation  : 

2NOo^N204 

The  more  typical  polymerisation  reactions  are  reversible,  and 
this  is  also  the  case  in  the  formation  of  paraldehyde.  On 
warming  this  substance  with  dilute  sulphuric  acid,  acetaldehyde 
is  regenerated.  Another  less  typical  polymerisation  of  acet¬ 
aldehyde  takes  place  in  an  aqueous  solution  containing  a  little 
alkaline  carbonate  : 

H  H  H  H 

CH3-C  +  CH2  •  C :  O  =  CH3.C.CH2.C:0 

. . 11  o 

H 

This  addition  is  similar  to  that  of  ammonia  or  of  sodium 
bisulphite.  One  molecule  of  acetaldehyde  separates  into  a 

H 

hydrogen  atom  and  the  group  -CH2.CO.  The  hydrogen 
atom  becomes  attached  to  the  oxygen  atom  of  another  mole- 

H 

cule  so  as  to  form  a  hydroxyl  group,  while  the  group  -CH2CO 
becomes  attached  to  the  aldehyde  carbon  of  this  other  molecule. 
There  thus  results  a  substance  which,  having  a  hydroxyl  group, 
is  an  alcohol,  and  yet  at  the  same  time  is  still  an  aldehyde  • 
it  is  an  ald[ehyde  alcohjol  or  aldol.  Unlike  the  formation 
of  paraldehyde,  this  condensation  is  not  reversible,  so  that 
aldol  is  not  a  polymeride  in  the  strictest  sense  of  the  term. 
The  formation  of  aldol  provides  us  with  the  first  example  of 
the  joining  of  carbon  to  carbon  and  the  building  up  of  a 
longer  chain.  Since  this  reaction  takes  place  at  the  ordinary 
temperature  in  a  solution  which  is  but  slightly  alkaline,  it  may 
not  be  entirely  remote  from  the  methods  by  which  carbon 
compounds  are  synthesised  in  the  living  organism. 

With  strong  alkali  a  further  change  takes  place,  water  may 
be  split  off  from  the  condensation  product  and  finally  aldehyde 
resin  is  produced. 

Aldehydes  are  characterised  by  containing  the  grouping 
-CHO  in  which  there  is  still  one  hydrogen  atom  which  can 
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be  converted  into  hydroxyl.  If  this  is  done,  acetaldehyde  is 
oxidised  to  acetic  acid.  The  oxidation  is  brought  about  by 
so  mild  a  reagent  as  ammoniacal  silver  oxide,  from  which  a 
silver  mirror  is  deposited  on  gentle  warming,  or  even  in  the 
cold.  Paraldehyde  has  no  such  reducing  properties  because 
it  contains  no  aldehyde  group.  This  power  of  reducing  alkaline 
silver  and  also  copper  solutions  (see  Fehling’s  solution,  p.  114) 
is  a  characteristic  property  of  many  aldehydes.  For  the  purpose 
of  recognising  individual  aldehydes  in  solution  they  may  be 
made  to  react  with  certain  reagents  which  contain  two  hydrogen 
atoms  attached  to  nitrogen ;  these  hydrogen  atoms  combine 
with  the  oxygen  of  a  carbonyl  group,  and  a  double  bond  between 
carbon  and  nitrogen  is  formed.  One  reagent  of  this  type  is 
hydroxylamine,  H2N  .  OH,  or  ammonia  with  one  hydrogen  atom 
replaced  by  a  hydroxyl  group.  The  resulting  products  are 
oximes. 

H  H 

CH3 .  C  :  O  +  H2NOH  =  CH3.C:NOH  +  H20 

Acetaldehyde  Hydroxylamine  Acetaldoxime. 

A  similar  reagent,  more  important  for  our  purposes,  will  be 
dealt  with  later  (p.  115).  It  is  phenylhydrazine,  H2N  .  NH  .  c6h5- 
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In  acetic  acid  all  three  hydrogen  atoms  attached  to  one 
of  the  carbon  atoms  of  ethane  have  been  replaced,  two  by  an 
oxygen  atom  and  the  third  (which  still  survived  as  such  in 
acetaldehyde)  by  a  hydroxyl  group.  This  carbon  atom  can 
therefore  take  up  no  more  oxygen.  The  other  carbon  has 
its  three  hydrogen  atoms  still  intact,  and  is  almost  as  stable 
as  ethane  itself.  Hence  acetic  acid,  with  one  carbon  atom 
completely  oxidised,  and  the  other  not  oxidised  at  all,  is  less 
readily  attacked  by  oxidising  agents  than  is  ethyl  alcohol  and 
much  less  readily  than  is  acetaldehyde.  We  have  seen  that 


the  bivalent  group 


^>CO,  when  occurring  in  a  compound,  may 


be  termed  carbonyl  (to  distinguish  it  from  carbon  monoxide). 
In  acetic  acid  this  group  is  joined  to  a  hydroxyl  and  the  whole 


univalent  group 


is  known  as  carboxyl 
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(carb[onyl  -f  hydr]oxyl).  The  accumulation  of  the  electro¬ 
negative  oxygen  in  this  group  brings  about  the  electrolytic 
dissociation  of  its  hydrogen  atom.  Acetic  acid,  unlike  alcohol 
and  aldehyde,  undergoes  ionization  in  solution,  has  a  sour 
taste  and  forms  salts.  Carboxyl  is  the  characteristic  group 
of  typical  organic  acids.  Although  acetic  acid  has  four 
hydrogen  atoms,  it  is  monobasic,  for  only  one  hydrogen,  that 
of  the  carboxyl,  is  replaceable  by  metals.  Sodium  acetate 
for  instance  is 


H 

HC.  C 
H 


In  general  the  organic  acids  are  feeble  electrolytes.  In  a 
normal  solution  of  acetic  acid,  only  0-43  per  cent,  is  dissociated 
(about  80  per  cent,  in  the  case  of  N  hydrochloric).  Hence 
although  a  litre  of  normal  acetic  acid  contains  one  gram  of 
acidic  hydrogen,  it  contains  only  0-0043  gram  of  hydrogen 
ions  (0-0043  =  10 ~2-366  ;  hence  the/H  of  N  acetic  acid  is  2-366, 
but  that  of  N  hydrochloric  is  o-io  ;  log  0-80  =  0-90—  1  =  — o-io). 

We  have  already  seen  that  in  alcohol  there  is  also  a  hydrogen 
atom  replaceable  by  sodium.  Why  then  is  alcohol  not  an  acid  ? 
We  might  say  that  alcohol  does  not  give  off  hydrogen  ions 

in  solution ;  it  has  no  sour  taste,  and  no  effect  on  indicators. 

But  this  is  not  enough.  The  same  could  be  said  of  boric  acid 
and  of  many  organic  acids  which  are  practically  not  ionized  at 
all.  A  better  criterion  is  the  capacity  of  forming  salts  which 
are  more  or  less  stable  in  aqueous  solution.  The  salts  of  the 
weakest  acids  may  indeed  undergo  appreciable  hydrolysis  in 
water ;  thus  sodium  carbonate  is  alkaline  because  it  is 

hydrolysed  to  some  extent 

+  —  +  — 

Na  +  NaC03  +  HOH  ==^  Na  +  OH  +  HNaC03 

but  sodium  ethoxide  is  hydrolysed  completely;  here  the 
equilibrium  is  on  the  right. 

+  — 

NaOC2H5  +  HOH  =  Na  +  OH  +  HOC2H5 

The  salts  of  acetic  acid,  a  much  stronger  acid  than  carbonic, 
are  hardly  hydrolysed  at  all. 

Acetic  acid  is  manufactured  in  several  very  distinct  ways. 
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A  biologically  interesting,  if  quantitatively  unimportant  method 
consists  in  the  direct  oxidation  of  alcohol  by  means  of 
atmospheric  oxygen.  It  has  long  been  known  that  wine  and 
beer  exposed  to  air  are  apt  to  become  sour,  and  in  this  way 
vinegar  is  produced.  (Vinegar,  L.  acetum;  acere ,  to  become 
sour;  “acetic”  and  “acid”  are  both  derived  from  this  root.) 
The  oxidation  is  brought  about  by  several  species  of  bacteria 
which  in  mixed  culture  were  called  by  Pasteur  “  My  coderma 
aceti .”  Later  it  was  shown  that  the  dead  bacteria  have  the 
same  action,  so  that  an  enzyme  is  involved,  and  it  is  of  interest 
that  an  inorganic  catalyst,  platinum  black,  will  also  bring 
about  the  oxidation  of  alcohol  by  free  oxygen.  Energetic 
oxidising  agents  do  the  same,  but  with  them  most  of  the 
alcohol  is  not  oxidised  beyond  the  aldehyde  stage.  The  acetic 
acid  bacteria,  like  yeast,  will  not  live  in  strong  alcohol  (at 
most  in  15  per  cent.)  and  they  are  even  more  sensitive  to  the 
acetic  acid  which  they  produce  (limit  generally  2-10  per  cent., 
at  most  14  per  cent.,  according  to  the  species).  There  are 
two  processes  for  making  vinegar:  very  slowly,  from  wine, 
chiefly  in  France,  and  more  rapidly  from  fermented  wort 
(malt  vinegar)  or  from  diluted  spirit  (white  vinegar).  In  the 
quick  process  the  dilute  alcohol  is  made  to  trickle  ever  wood 
shavings  in  a  perforated  cask,  so  as  to  secure  a  thorough 
exposure  to  the  air ;  the  acetic  acid  bacteria  adhere  to  the 
shavings.  In  England  acetic  acid  is  considered  to  be  the 
principal  constituent  of  vinegar,  but  the  French  palate 
appreciates  more  highly  the  small  quantities  of  other  sub¬ 
stances,  compounds  of  alcohol  with  aldehydes,  acids,  etc., 
which  impart  to  wine  vinegar  a  peculiar  odour  and  taste 
(“  bouquet  ”). 

For  industrial  purposes  acetic  acid  is  obtained  by  the 
destructive  distillation  of  wood  in  closed  iron  retorts.  Com¬ 
bustible  gases  escape,  charcoal  remains  and  a  distillate  is 
obtained  consisting  of  tar  and  an  aqueous  solution  of  acetic 
acid,  methyl  alcohol  and  acetone.  Of  these  acetic  acid  is 
much  the  most  abundant  (up  to  10  per  cent,  of  the  wood 
employed) ;  it  is  separated  as  calcium  acetate,  from  which  salt 
it  is  again  liberated  by  sulphuric  acid. 

A  third  method,  which  is  becoming  more  and  more 
important,  is  really  a  synthesis  of  acetic  acid  from  its  elements 
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via  acetaldehyde  (see  p.  21).  Pure  acetic  acid  is  a  colourless 
solid,  which  melts  at  170  and  boils  at  1180.  Since  it  resembles 
ice  it  is  called  glacial  acetic  acid,  and  this  name  is  also  applied 
to  any  liquid  sample  which  is  so  pure  that  it  can  be  solid 
at  room  temperature.  Hence  the  name  glacial  acetic  acid 
corresponds  to  absolute  alcohol.  If  more  than  about  one  per 
cent,  of  water  is  present,  the  melting  point  is  lowered  so  much 
that  the  acid  no  longer  freezes  readily.  Even  the  pure  acid 
often  remains  liquid  at  a  temperature  well  below  its  melting 
point,  in  a  supercooled  (metastable)  condition. 

Acetic  acid  mixes  with  water  in  all  proportions  and  the 
acetates  generally  dissolve  readily  in  water  (lead  acetate  or 
sugar  of  lead  is  one  of  the  chief  soluble  salts  of  this  metal). 
Ferric  chloride  added  to  an  acetate  produces  a  red  coloration 
due  to  ferric  acetate  ;  on  boiling  a  light  brown  precipitate  of 
basic  ferric  acetate  is  formed. 


ETHYL  ACETATE 

We  have  already  seen  that  sodium  ethoxide  and  ethyl 
iodide  react  to  form  ether.  Ethyl  iodide  likewise  reacts  with 
sodium  acetate,  or  better,  with  silver  acetate  : 

CH3 .  C .  OAg  +  IC2H5  -  CH3.C.O.C2H5  +  Agl 
O  O 

Silver  acetate  Ethyl  iodide  Ethyl  acetate. 

The  new  substance  is  acetic  acid  in  which  the  acidic  hydrogen 
atom  is  replaced  by  the  ethyl  radicle,  and  is  accordingly  called 

ethyl  acetate. 

We  have  further  seen  that  ether  is  more  conveniently 
prepared  by  removing  a  molecule  of  water  from  two  molecules 
of  alcohol,  by  means  of  sulphuric  acid,  and  here  again  ethyl 
acetate  provides  an  analogy.  When  absolute  alcohol  and 
glacial  acetic  acid  are  boiled  with  a  little  concentrated  sulphuric 
acid,  or  with  gaseous  hydrochloric  acid,  they  unite  with  the 
formation  of  ethyl  acetate  and  water  : — 

CH3.C.OH  +  HOC2H6  ^CH8.C.OC2H6  +  HOH 
O  O 
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Ethyl  acetate  is  therefore  the  mixed  anhydride  of  a  molecule  of 
alcohol  and  a  molecule  of  acetic  acid,  just  as  ether  is  the 
anhydride  of  two  molecules  of  alcohol.  The  mechanism  of  the 
formation  of  these  substances  is  not,  however,  the  same.  In 
the  case  of  ether,  a  compound  of  alcohol  and  sulphuric  acid  is 
formed,  which  is  only  decomposed  by  more  alcohol  at  a  rather 
high  temperature  (140°).  The  action  of  the  mineral  acid  in 
the  formation  of  ethyl  acetate  is  catalytic ;  a  small  quantity 
is  employed,  and  merely  hastens  a  reaction  which  goes  on 
slowly  without  it,  even  in  the  cold.  A  mixture  of  equivalent 
quantities  of  absolute  alcohol  and  glacial  acetic  acid  is,  after 
a  sufficiently  long  time,  converted  to  the  extent  of  about 
two-thirds,  into  ethyl  acetate  and  water.  Similarly  a  mixture 
of  equivalent  quantities  of  water  and  ethyl  acetate  is  in  the 
end  changed,  to  the  extent  of  one-third,  into  alcohol  and 
acetic  acid.  This  is  essentially  a  balanced  action,  and  the 
final  state  of  equilibrium  is  the  same,  from  whichever  side  it 
is  approached  ;  in  either  case  there  will  be  about  one  molecule 
of  alcohol,  one  of  acetic  acid,  two  of  ethyl  acetate  and  two 
of  water. 

The  name  ethyl  acetate  suggests  that  the  substance  is  a 
salt  of  acetic  acid,  but  in  reality  it  is  very  different  from  sodium 
acetate.  The  latter  substance  is  a  solid,  readily  soluble  in 
water,  and  a  good  electrolyte ;  it  is,  moreover,  formed  instan¬ 
taneously  from  acetic  acid  and  sodium  hydroxide  (in  so  far  as 
it  can  be  said  to  be  formed  at  all  in  aqueous  solution,  where  it 
exists  principally  as  sodium  and  acet  ions).  On  the  other  hand 
ethyl  acetate  is  a  liquid,  only  slightly  soluble  in  water  and  a 
non-electrolyte  ;  its  formation  takes  some  little  time,  even  when 
catalysed  by  sulphuric  acid.  Ethyl  acetate  is  therefore  not  an 
ordinary  salt;  it  is  sometimes  called  an  ethereal  salt,  because 
in  its  physical  properties  it  more  closely  resembles  ether.  We 
will,  however,  use  a  name  which  suggests  no  analogy  at  all,  and 
call  it  an  ester.  The  process  of  its  formation  is  termed  esteri¬ 
fication,  and  its  decomposition  by  water  hydrolysis  (Gk.  huddr > 
water;  luo ,  loosen).  We  have  seen  that  the  latter  process  takes 
place  extremely  slowly,  if  the  ester  and  water  remain  at  the 
ordinary  temperature.  This  is  because  the  water  is  only 
ionized  to  a  minute  extent.  On  adding  sodium  hydroxide, 
which  introduces  a  high  concentration  of  hydroxyl  ions,  ethyl 
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acetate  is  rapidly  decomposed,  with  the  formation  of  sodium 
acetate  and  ethyl  alcohol. 

+  —  —  + 

CH3.C.OC,H5  +  NaOH  =  CH3.C.ONa  +  C2H5OH. 

O  O 

We  shall  see  that  the  natural  fats  are  esters,  and  that  when 
they  are  heated  with  alkali,  soaps  (the  salts  of  complicated 
acids)  are  produced.  Hence  this  process  is  called  saponifica¬ 
tion  ;  the  term  is  also  applied  to  the  hydrolysis  by  alkalies  of 
simpler  esters.  Thus  the  last  equation  is  said  to  represent 
the  “  saponification  ”  of  ethyl  acetate,  although  sodium  acetate 
is  not  a  soap. 

Ethyl  acetate  is  a  liquid  of  specific  gravity  0-9  and  boils  at 
78°,  or  practically  at  the  same  temperature  as  alcohol.  When 
a  mixture  of  alcohol,  acetic  acid  and  concentrated  sulphuric 
acid  is  heated,  ethyl  acetate  distils  over  with  some  alcohol  and 
a  little  acetic  acid.  The  distillate  is  shaken  with  sodium 
carbonate  solution  until  the  upper  layer  of  ethyl  acetate  no 
longer  reddens  blue  litmus.  The  two  layers  are  then  separated 
in  a  tap  funnel  and  the  ethyl  acetate  is  next  freed  from  alcohol 
by  shaking  with  a  strong  solution  of  calcium  chloride,  with 
which  the  alcohol  combines  whilst  the  ethyl  acetate  remains 
as  an  upper  layer.  Finally  the  ethyl  acetate  is  dried  with 
granulated  calcium  chloride  and  redistilled  from  a  water  bath. 

Alcohol  and  acetic  acid  both  have  a  hydroxyl  group  and 
mix  with  water  in  all  proportions,  but  ethyl  acetate,  which  has 
no  hydroxyl  group,  requires  16  parts  of  water  for  its  solution. 
It  has  a  fruity  odour  and  the  characteristic  flavour  (really 
odour)  of  many  fruits  is  due  to  a  variety  of  esters.  The  odour 
of  ethyl  acetate  can  be  used  for  the  recognition  of  acetic  acid, 
by  heating  it,  or  a  metallic  acetate,  with  alcohol  and  a  little 
concentrated  sulphuric  acid. 

Remembering  that  esters  are  anhydrides  of  an  alcohol  and 
an  acid,  we  can  now  recognise,  as  esters,  some  substances 
already  dealt  with.  Thus  ethyl  sulphuric  acid  (p.  18)  formed 
by  mixing  alcohol  and  sulphuric  acid,  is  the  anhydride  of  these 
two  substances  and  therefore  an  ester  as  well  as  an  acid  ;  we 
can  express  this  by  the  name  ethyl  hydrogen  sulphate. 

H0.S02.0H  +  HOC2H5  -  H0.S02.0C2H5  +  HOH 
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Likewise  ethyl  chloride  (p.  17)  is  an  ester,  for  it  too  is  formed 
from  alcohol  and  an  acid  by  loss  of  water. 


C2H5 


OH  +  H  Cl  =  C2H5C1  +  HOH 


These  and  similar  substances  are  hydrolysed  by  alkali,  best  in 
aqueous-alcoholic  solution,  e.g. 

C2H5C1  +  KOH  =  C2H6OH  +  KC1. 


METHYL  ALCOHOL  AND  ITS  DERIVATIVES 


We  will  call  the  univalent  group  CH3  of  wood  spirit  methyl 
(Gk.  methu ,  wine  +  hule)  wood) ;  its  hydroxide  CH„OH  is  methyl 
alcohol,  a  substance  similar  to  ethyl1  alcohol,  and  to  a  whole 
series  of  other  alcohols,  still  to  be  mentioned.  We  might 
indeed  have  started  with  this  simplest  example,  rather  than 
with  the  ethyl  derivative,  but  the  latter  is  the  more  typical. 
The  first  member  of  a  series  often  has  peculiar  properties ; 
thus  fluorine  is  an  aberrant  member  of  the  halogen  group  and 
differs  more  from  chlorine,  bromine  and  iodine  than  these  do 
among  themselves.  (Chemically  methyl  alcohol  is  very  similar 
to  the  ethyl  compound  ;  the  aberrant  behaviour  of  the  first 
members  does  not  become  evident  until  we  consider  the 
corresponding  aldehyde  and  particularly  the  acid.) 

As  has  already  been  pointed  out,  methyl  alcohol  is  produced 
along  with  acetic  acid  and  acetone,  in  the  distillation  of  wood. 
Hence  the  name  wood  spirit.  In  recent  years  a  synthetic 
process  of  manufacture  has  been  developed,  consisting  in  the 
reduction  of  carbon  monoxide  by  molecular  hydrogen  in  the 
presence  of  a  catalyst,  under  great  pressure  (150  atmospheres 
at  400°).  This  process  already  replaces  much  of  the  spirit 
previously  obtained  from  wood. 

CO  +  2H2  =  CH3OH 

Methyl  alcohol  boils  at  66°  and  therefore  cannot  be  readily 
separated  from  ethyl  alcohol  (b.p.  7 8°) ;  hence  its  use  as  a 
denaturating  agent  in  methylated  spirits.  The  pharmacological 
properties  of  methyl  alcohol,  the  first  member  of  the  series,  are 
peculiar;  whilst  its  immediate  narcotic  effect  is  less  than  that 
of  ethyl  alcohol,  it  is  ultimately  much  the  most  toxic  member 
of  the  whole  group;  doses  of  8-10  grams  or  less  may  cause 
permanent  blindness  and  even  death. 

1  For  derivation  of  the  terms  ethyl  and  ether,  see  p.  9. 
si 
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Methyl  alcohol  reacts  with  sodium  and  with  phosphorus 
halides  in  the  same  way  as  does  ethyl  alcohol.  Sodium 
methoxide  reacts  with  methyl  iodide  to  form  dimethyl  ether, 
or  dimethyl  oxide. 

CH3ONa  +  ICH3  =  CH3.O.CH3  +  Nal 

From  sodium  ethoxide  and  methyl  iodide,  or  from  sodium 
methoxide  and  ethyl  iodide,  methyl  ethyl  ether,  CH3.O.C2H5, 
can  be  produced.  This  is  an  example  of  a  mixed  ether. 

ISOMERISM. 

It  will  be  seen  that  dimethyl  ether  and  ethyl  alcohol  both 
have  the  molecular  formula  C2HeO, yet  they  are  entirely  different. 
Dimethyl  ether  is  a  gas  ;  it  does  not  react  with  sodium,  nor  with 
phosphorus  halides,  and  therefore  contains  no  hydroxyl  group. 
This  difference  is  expressed  by  the  two  structural  formulae  : 

H  H  El  H 

HC-C-O-H  and  HC  •  O  •  CH 
H  H  H  H 

When  two  or  more  substances  have  the  same  molecular  formula 
but  are  built  up  on  different  architectural  plans,  they  are  said 
to  be  isomeric  (Gk.  isos ,  equal ;  meros ,  part),  because  they  consist 
of  the  same  atoms  (grouped  differently).  Isomerides,  therefore, 
have  the  same  molecular  weight,  whilst  in  polymerisation 
(p.  22)  the  molecular  weight  is  multiplied. 

Isomerism  is  hardly  known  in  inorganic  chemistry  but  is 
very  frequent  among  carbon  compounds.  The  more  complicated 
the  molecule  and  the  greater  the  number  of  its  constituent 
atoms,  the  greater  is  the  number  of  possible  isomers  (or 
isomerides).  Hence  molecular  formulae  tell  us  very  little  ;  in 
order  to  understand  the  properties  and  reactions  of  an  organic 
substance,  we  must  know  its  structural  formula. 

FORMALDEHYDE. 

Just  as  ethyl  alcohol  can  be  dehydrogenated  to  acetaldehyde 
so  methyl  alcohol  yields  a  similar  substance. 

Formaldehyde,  H2C  :  O,  is  prepared  on  an  industrial  scale 
by  catalytic  dehydrogenation  of  methyl  alcohol.  A  mixture 
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of  air  and  alcohol  vapour  is  passed  over  copper  or  a  porous 
material,  such  as  feebly  glowing  charcoal,  contained  in  a  copper 
tube.  On  the  surface  of  the  catalyst  the  following  reaction 
occurs  : 


H 

2HC.OH  +  02  = 
H 


+  2H20 


Molecular  oxygen  is  quite  sufficient  to  remove  the  hydrogen 
and  displace  the  equilibrium  to  the  right.  The  formaldehyde 
is  passed  into  water  and  sold  as  a  strong  solution,  “  formalin  ” 
or  “formol,”  containing  40  per  cent,  of  aldehyde  and  also 
a  good  deal  (8  to  20  per  cent.)  of  methyl  alcohol  which  has 
escaped  oxidation.  The  above  reaction  may  be  shown  in  the 
laboratory  by  introducing  a  hot  platinum  spiral  into  a  flask 
above  the  surface  of  warm  methyl  alcohol.  With  alcohol  vapour 
and  air  in  the  right  proportions,  the  spiral  will  continue  to 
glow  indefinitely ;  apart  from  the  pungent  odour  of  formal¬ 
dehyde,  there  is  no  other  sign  of  combustion.  Formaldehyde 
resembles  acetaldehyde  in  many  of  its  properties,  but  is  gaseous 
at  the  ordinary  temperature.  Like  acetaldehyde,  it  reduces 
ammoniacal  silver  oxide ;  its  odour  is  much  more  pungent  than 
that  of  acetaldehyde,  and  it  polymerises  more  readily. 

Corresponding  to  the  trimeric  paraldehyde  there  is  a 
substance  trioxymethylene  : 

CH2 

/\ 

O  O 

h2c  ch2 

\/ 

o 

Methylene  is  the  bivalent  group  C Hyland  oxymethylene  the 

group  -OCH2-.  Like  paraldehyde,  this  trioxymethylene  does 
not  react  with  sodium  bisulphite  ;  it  has  no  reducing  properties  ; 
it  is  not  an  aldehyde.  As  the  result  of  an  erroneous  vapour 
density  determination,  the  name  trioxymethylene  was  at  one 
time  applied  to  other  polymerides  of  formaldehyde,  which  are 
certainly  much  more  complex ;  they  are  really  polyoxymethy- 
lenes ;  a  mixture  of  these  is  known  as  paraformaldehyde, 
a  solid  which  separates  when  a  solution  of  formaldehyde  is 

C 
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concentrated.  Paraformaldehyde  (poly oxy methylene)  is  decom¬ 
posed  by  heat  into  gaseous  formaldehyde,  and  is  hence  largely 
used  for  disinfecting  rooms.  The  formation  and  decomposition 
are  represented  by  the  equation  : 

«CH20  ^  (CH20)W 

where  n  may  be  a  very  large  number,  up  to  ioo.  The  structural 
formula  is  of  the  type 

HO.CH2. 0.CH2.0.CH2.0  .  .  .  CH2.O.CH2.OH 

Formalin  (the  aqueous  solution  of  formaldehyde)  is  used  for 
sterilising  surgical  instruments,  preserving  anatomical  specimens, 
etc.  When  formalin  is  evaporated  with  ammonia  a  crystalline 
substance  hexamethylene  tetramine  or  urotropine  is  formed  : 

6CH20  +  4NH3  =  (CH2)6N4  +  6H20 

It  is  used  as  a  urinary  antiseptic,  to  combat  infections  of  the 
kidney  and  bladder.  It  would  not  be  possible  to  administer 
formaldehyde  as  such  for  this  purpose ;  the  use  of  urotropine 
depends  on  its  stability  in  slightly  alkaline  or  neutral  body 
fluids,  and  its  breakdown  to  formaldehyde  in  acid  solution.  The 
urine  in  the  kidney  is  usually  sufficiently  acid  for  this  purpose. 
In  cystitis  it  becomes  alkaline  in  the  bladder;  in  such  cases 
it  is  rendered  acid  by  the  administration  of  monosodium 
dihydrogen  phosphate.  Apart  from  these  medical  applications 
of  formaldehyde,  the  substance  is  probably  of  the  utmost  bio¬ 
logical  importance  as  the  first  organic  compound  formed  from 
carbon  dioxide  in  green  leaves,  according  to  the  equation 

co2  +  H20  =  H2CO  +  o2 

Six  molecules  of  formaldehyde  would  then  unite  to  form  grape 
sugar  C6H12Oc  and  from  this  starch  is  formed.  The  condensa¬ 
tion  of  formaldehyde  to  a  mixture  of  sugars  can  be  brought 
about  in  vitro  in  slightly  alkaline  solution,  and  is  an  aldol 
condensation  (p.  23). 


FORMIC  ACID 

Formic  acid,  HCOOH,  was  first  discovered  in  ants  (L .formica) 
and  occurs  in  small  quantity  in  stinging  nettles,  in  the  sting  of 
bees  (and  hence  also  in  honey ;  the  chief  poison  of  nettles,  bees, 
etc.,  is  however  a  protein).  In  the  laboratory  formic  acid  can 
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be  made  most  conveniently  by  heating  oxalic  acid  and  glycerol 
to  ioo°.  Oxalic  acid  is  dibasic  and  consists  of  two  carboxyl 
groups  (glycerol  is  an  alcohol  and  these  two  substances  form 
an  ester,  which  is  decomposed  into  formic  acid,  carbon  dioxide 
and  glycerol).  The  essential  change  is 


C— OH  H 

I  =1  +  co2 

C— OH  C— OH 


One  carboxyl  group  is  replaced  by  hydrogen  ;  the  oxalic  acid 
is  said  to  be  partially  decarboxylated.  When  formic  acid,  or 
a  formate,  is  heated  with  concentrated  sulphuric  acid,  carbon 
monoxide 

HC .  OH  =  CO  +  H,0 

o 

is  given  off.  Hence  carbon  monoxide  may  be  regarded  as  the 
anhydride  of  formic  acid.  This  gas  does  not  indeed  unite 
directly  with  water,  but  when  it  is  passed  under  pressure  over 
heated  sodium  hydroxide,  sodium  formate  is  formed. 

CO  +  NaOH  -  H .  COONa 

Generator  gas  (30  per  cent.  CO  +  70  per  cent.  N2)  is  used  as 
cheapest  source  of  carbon  monoxide.  Formic  acid  is  liberated 
from  its  sodium  salt  by  dilute  sulphuric  acid  and  on  distillation 
an  aqueous  solution  is  obtained.  The  above  synthesis  has 
long  made  formic  acid  one  of  the  cheapest  of  organic  acids. 
It  should  be  compared  with  the  more  recent  industrial 
hydrogenation  of  carbon  monoxide  to  methyl  alcohol 

CO  +  2H2  =  CHgOH 

and  with  the  much  more  intense  reduction  of  carbon  dioxide  to 
formaldehyde  in  green  plants  (see  above). 

Anhydrous  formic  is  similar  to  glacial  acetic  acid.  The 
presence  of  a  hydrogen  atom  instead  of  a  methyl  group  does 
not  greatly  affect  the  physical  properties  ;  the  boiling  point 
of  formic  acid  is  a  little  lower  (ioi°)  than  that  of  acetic;  so 
is  the  melting  point.  The  hydrogen  atom,  still  attached  to 
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carbon  in  formic  acid,  is  however  the  cause  of  an  important 
chemical  difference,  for  this  hydrogen  atom  can  be  converted 
into  an  additional  hydroxyl  group  : 

HC.OH  +  O  =  HO.C.OH 

o  o 


Formic  acid  is  therefore  readily  oxidised  to  carbonic,  whereas 
acetic  acid  is  stable  to  oxidising  agents.  Formic  acid,  as  the 
first  member  of  the  series,  is  quite  peculiar  in  this  respect. 
The  matter  may  be  put  in  another  way  :  formic  acid  is  also 
an  aldehyde  : 


H 


C.OH 

O 


and 


HC 

O 


OH 


It  may  be  regarded  as  hydrogen  +  carboxyl,  but  also  as  an 
aldehyde  group -fi  hydroxyl.  Hence  formates  reduce  ammoniacal 
silver  solutions  ;  they  also  reduce  mercuric  chloride  to. mercurous 
chloride  and  finally  to  mercury.  The  formation  of  a  white 
precipitate  of  calomel,  and  the  evolution  of  carbon  monoxide 
with  concentrated  sulphuric  acid  afford  excellent  tests  for  a 
formate,  which  in  other  properties  is  very  similar  to  an  acetate. 
Thus  ferric  chloride  does  not  distinguish  between  the  two 
salts ;  a  red  coloration  is  produced  by  both. 


THE  PARAFFIN  HYDROCARBONS 


If  in  methyl  iodide,  CH3I,  the  iodine  atom  is  replaced  by 
hydrogen,  we  obtain  the  simplest  compound  containing  only 
hydrogen  and  carbon,  the  hydrocarbon  methane,  CH4.  This 
reduction  can  be  brought  about  by  zinc  which  has  been  treated 
with  copper  sulphate,  so  that  a  layer  of  copper  is  deposited  on  it, 
forming  a  “zinc-copper  couple.”  Similarly  ethyl  iodide  can  be 
reduced  to  the  hydrocarbon  ethane,  CH3.CH3.  Both  these 
hydrocarbons  and  many  others  occur  in  crude  petroleum  or 
mineral  oil,  found  in  many  parts  of  the  world.  Let  us  explore 
the  architectural  possibilities  on  the  assumption  that  these 
hydrocarbons  are  built  up  of  carbon  atoms  united  together  by 
a  single  bond,  and  that  all  the  other  bonds  have  hydrogen 
atoms  attached  to  them.  We  can  only  foresee  one  methane 
and  one  ethane ;  likewise  there  is  only  one  member  of  this 
series  with  three  carbon  atoms.  One  of  these  atoms,  in  the 
centre,  will  be  attached 

H  H  H 
H— C— C— C— H 

H  H  H 

Propane. 

to  the  other  two,  and  will  have  two  valencies  available  for 
hydrogen ;  the  terminal  carbon  atoms  can  each  bear  three 
hydrogen  atoms,  so  that  a  compound  C3H8  results ;  it  is  called 
propane.  We  may  write  its  formula  in  various  ways,  e.g. 

H  H 

H3Cs  /H  HC— CH  ch3.ch2.ch3 

\ C /  H 

H3cy  \h  hch  h2c(ch3)2 

H 

All  these  represent  the  same  molecular  arrangement  of  one 
carbon  atom  attached  to  two  others,  and  for  the  present  we  do 
not  concern  ourselves  with  the  actual  direction  of  the  valencies 
of  carbon  (see  p.  80). 

37 


38 


ORGANIC  CHEMISTRY 


We  next  consider  the  possibilities  with  four  carbon  atoms, 
by  imagining  that  an  additional  carbon  is  introduced  into 
propane.  This  might  be  attached  to  either  of  the  terminal 
carbon  atoms,  or  it  might  be  attached  to  the  central  one  : 


H 

HCH 


H  H  H  H 
HO—  C— C— CH 
H  H  H  H 


H  |  H 
HC— C— CH 
H  H  H 


or 


Isobutane. 


Normal  butane 


(This  possibility  did  not  arise  in  passing  from  ethane  to  propane 
because  the  two  carbon  atoms  of  ethane  are  identical.)  We 
see,  therefore,  that  with  four  carbon  atoms  two  different 
arrangements  are  possible.  In  the  first  the  carbon  atoms  are 
arranged  in  a  single  unbranched  chain,  in  the  other  the  chain 
is  branched.  In  the  one  there  are  two  carbon  atoms,  each  with 
three  hydrogens,  and  two  others  with  two  hydrogens  apiece ; 
in  the  second  arrangement  three  carbon  atoms  each  have  three 
hydrogens,  and  the  carbon  atom  in  the  middle  has  only  one 
(2  x  3  +  2x2=10;  3x3  +  1  =  10).  Compounds  built  up  on  both 
plans  are  known  ;  the  one  with  an  unbranched  chain  is  called 
normal  butane,  the  other,  its  isomeride,  is  termed  isobutane. 
These  two  isomerides  have  very  similar  properties,  but  show  for 
instance  a  distinct  difference  in  their  boiling  points  and  in  their 
densities  when  liquefied  (not  of  course  in  the  gaseous  state). 

Although  they  are  of  no  biological  importance,  the  various 
pentanes,  C5H12,  may  next  be  considered,  merely  as  a  further 
illustration  of  isomerism. 


H 

HCH 


H  H  H  H 
HC— C— C— CH 

H  H  H  H 


H  |  H 
HC— C— CH 
H  H  H 


H 

^  HCH 
H  |  H 

HC— C— CH 
H  |  H 


H  H  H  H  H  H  H  |  H 

HC.C.C  .C.CH  HC.C— C— CH 

HHHHH  HHHH 


HCH 

H 


Diethyl  methane 
b.p.  36°. 


Ethyldimethyl  methane 
b.p.  28°. 


Tetramethyl  methane 
b.p.  90. 
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In  order  to  pass  from  butane  to  pentane  we  have  to  introduce 
another  carbon  atom,  i.e.  replace  a  hydrogen  atom  by  a  methyl 
group.  Beginning  with  normal  butane  we  see  there  are  six 
hydrogen  atoms  attached  to  terminal  carbon  atoms  (H)  and 
four  to  carbon  atoms  in  the  middle  (H).  If  we  replace  any 
of  the  six  by  methyl,  we  obtain  normal  pentane  with  an 
unbranched  chain ;  if  we  replace  any  of  the  four,  we  have  an 
isomeride.  Next,  starting  from  isobutane,  we  again  have  two 
groups  of  hydrogen  atoms,  nine  H  and  one  H.  When  any  one 
of  the  nine  is  replaced  by  methyl,  we  obtain  the  same  branched 
isomeride  as  before,  but  the  replacement  of  the  single  atom  leads 
to  a  new  arrangement,  in  which  one  carbon  atom  in  the  centre 
is  attached  to  four  others,  and  does  not  bear  any  hydrogen 
at  all.  Hence  there  are  three  different  isomeric  pentanes, 

With  increasing  complexicity  of  the  molecule  the  number 
of  isomerides  rapidly  increases.  (Thus  five  hexanes,  CGH14,  and 
nine  heptanes,  C7H16)  are  v. known ;  1855  isomerides  of  the 

formula  C14H30  are  possible,  but  only  one  is  known.) 

We  will  concern  ourselves  only  with  the  hydrocarbons 
containing  unbranched  chains.  In  such  a  chain  every  carbon 
atom  bears  two  hydrogen  atoms,  except  the  two  terminal  ones 
which  bear  three  : 

CH3.CH2.CH2  .  .  .  CH2.CH2.CH8 
The  number  of  hydrogen  atoms  is  therefore  always  two  more 
than  double  the  number  of  carbon  atoms — for  n  carbon  atoms 
there  are  2^  +  2  hydrogen  atoms.  The  general  formula  of  all 
these  compounds  is  Cnli2n  2  and  they  constitute  a  series,  each 
member  of  which  has  a  slightly  higher  molecular  weight  than 
the  preceding  and  a  somewhat  higher  boiling  point,  melting 
point  and  density,  but  the  essential  chemical  properties  remain 
the  same.  Such  a  set  of  similar  compounds  is  called  a 
homologous  series  (Gk.  homos ,  same). 

All  members  given  in  the  table  on  page  40,  and  the  inter¬ 
mediate  ones  which  have  been  omitted,  occur  in  Pennsylvanian 
petroleum.  Mineral  oil  from  other  parts  of  the  world  (California, 
Texas,  Mexico,  Baku  on  the  Caspian  Sea,  Rumania,  Persia, 
Burmah,  Borneo)  also  consists  of  hydrocarbons,  often  however 
with  rather  less  hydrogen  (hydro-aromatic  or  even  aromatic, 
see  p.  169).  Small  quantities  of  organic  substances  containing 
oxygen,  sulphur  and  nitrogen  may  also  be  present. 
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Homologous  Series  of  Unbranched  Paraffin  Hydrocarbons. 


Melting  point. 

Boiling  point. 

Density  at  20°. 

Methane  . 

•  ch4 

0 

i-i 

1 

Ethane 

•  C2H6 

-go° 

•  •  • 

Propane  . 

.  c3h8 

-45° 

•  •  . 

Butane 

.  c4h10 

o° 

o-6o 

Pentane  . 

.  C5H12 

+  36° 

0-625 

Hexane 

.  c6h14 

+  6q° 

o-66o 

Heptane  . 

•  C7H16 

+  98° 

0-683 

Octane 

.  c8h18 

+  126° 

0-702 

Nonane 

.  CgH2r) 

+  150° 

0-718 

Decane 

.  c10h22 

+  173° 

0-747 

Octadecane 

.  c18h38 

+  28° 

+  317° 

o-777 

Nonadecane 

.  c19h40 

+  320 

+  330° 

0-777 

Heptakosane 

-  C2,H56 

+  6o° 

2  70°  at  1 5  mm. 

0-780 

Crude  petroleum  or  naphtha  is  lighter  than  water,  and  has 
a  greenish,  brownish  or  almost  black  colour.  It  is  obtained  by 
boring  deep  wells  and  occasionally  spouts  up  like  a  fountain. 
On  exposure  to  air  the  more  volatile  constituents  evaporate 
and  ultimately  asphalt  may  result.  By  repeated  distillation  the 
crude  oil  is  separated  into  a  number  of  fractions  which  are  put 
to  various  uses.  The  most  volatile  portion  boiling  at  about 
40°-70°,  so  called  petroleum  ether,  is  used  as  a  solvent  for 
fats,  etc. ;  from  the  above  table  it  will  be  seen  that  it  consists 
mainly  of  pentane  and  hexane.  The  next  fraction,  consisting 
largely  of  hexane  and  heptane,  is  extensively  used  as  petrol  for 
motors.  Lamp  oil  boils  at  i50°-300°,  and  should  be  free  from 
the  lower  homologues,  in  order  to  obviate  the  danger  of 
explosion.  The  minimum  temperature  at  which  such  an  oil 
can  be  ignited,  the  “  flash-point,”  is  prescribed  by  law.  Still 
higher  fractions  are  more  viscid,  and  are  used  as  lubricating  oil. 
A  fraction  which  is  semi-solid  at  the  ordinary  temperature  is 
called  vaseline  or  petroleum  jelly,  and  is  used  for  ointments. 
The  solid  hydrocarbons,  with  twenty  or  more  carbon  atoms  in 
the  molecule,  constitute  paraffin  wax,  with  a  melting  point 
ranging  from  35°-6o°.  A  low  melting  “soft”  and  a  high 
melting  “hard”  variety  are  used  together  in  cutting  microtome 
sections.  Mixtures  of  hydrocarbons,  very  similar  to  the  above, 
are  obtained  by  the  destructive  distillation  of  shale,  which  is 
mined  on  a  small  scale  to  the  west  of  Edinburgh.  Of  all  the 
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fractions  of  mineral  oil,  petrol  is  in  greatest  demand,  and  is 
also  obtained  by  heating  the  higher  fractions  so  strongly  that 
they  break  up  into  lower  hydrocarbons  (“cracking”).  In 
countries  which  have  no  oil  (England,  Germany)  successful 
attempts  have  been  made  to  prepare  liquid  hydrocarbons  by 
heating  tar,  finely  powdered  coal,  or  lignite  (brown  coal)  with 
hydrogen  under  great  pressure  (eg.  200  atmospheres  at  450°). 
This  “  liquefaction  of  coal  ”  amounts  to  a  synthesis  of  hydro¬ 
carbons  from  the  elements,  and  may  acquire  practical  importance 
when  natural  oil  becomes  less  abundant.  Petrol  from  tar  is 
already  made  on  an  industrial  scale. 

We  have  seen  that  ethyl  alcohol,  owing  to  its  hydroxyl 
group,  can  be  attacked  by  various  reagents,  and  converted  into 
other  substances.  This  is  not  so  with  the  paraffin  hydrocarbons. 
They  present,  as  it  were,  an  unbroken  front  of  hydrogen  atoms  ; 
they  have  very  little  tendency  to  undergo  chemical  reactions, 
have  very  little  “affinity”;  hence  the  name  paraffin  (L .  parum 
ajjinis ,  slightly  related).  (The  older  chemists  imagined  that 
related  substances  were  apt  to  combine  with  each  other,  like 
with  like  ;  the  tendency  to  combine  is  therefore  still  called 
affinity,  although,  at  least  in  inorganic  chemistry,  combination 
is  more  common  among  the  unlike.) 

Since  the  paraffin  hydrocarbons  are  attacked  only  by 
powerful  reagents,  or  at  a  high  temperature,  they  are  of  no 
direct  biological  interest.  Their  few  medical  applications 
depend  on  their  chemical  indifference.  Thus  “liquid  paraffin,” 
a  highly  purified  mixture  of  the  higher  hydrocarbons,  is  used 
internally  in  constipation;  it  acts  merely  as  a  lubricant.  Its 
use  is  based  on  the  fact  that,  unlike  the  fats,  it  is  not  attacked 
by  the  digestive  enzymes,  and  passes  through  the  intestinal 
canal  unchanged. 

Yet  indirectly  mineral  oil  may  represent  a  problem  of 
considerable  biological  interest ;  this  depends  on  which  theory 
is  adopted  to  explain  its  formation.  Whilst  a  dry  distillation 
of  vegetable  remains  seems  unlikely  (coal  and  oil  are  not 
found  together),  an  animal  source  has  often  been  invoked. 
By  distilling  fish  oil  under  pressure,  a  product  resembling 
petroleum  can  be  obtained.  On  the  other  hand  several 
well-known  chemists  have  favoured  a  purely  inorganic  origin, 
from  metallic  carbides  and  water,  analogous  to  the  preparation 
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of  acetylene.  Although  both  theories  present  great  difficulties, 
the  fact  that  petroleum  has  a  slight  optical  activity  tells  in 
favour  of  its  origin  from  living  matter  (see  p.  82,  footnote). 

Methane  is  the  only  paraffin  hydrocarbon  which  we  have  to 
consider  in  detail.  It  is  formed  by  the  dry  distillation  of  a 
variety  of  organic  substances,  and  is,  for  instance,  an  important 
constituent  of  coal  gas.  Methane  is  formed  directly  from  its 
elements,  when  hydrogen  is  passed  over  pure  carbon  at  1200°. 
As  “fire-damp”  it  escapes  from  coal  seams  in  mines.  It  is  also 
formed  from  decaying  vegetable  matter  in  marshes  (marsh  gas). 
This  is  a  bacterial  action  on  cellulose  (p.  123)  resulting  in  equal 
volumes  of  methane  and  carbon  dioxide. 

(C6H10O5)%  +  ;zH20  =  3«CH4  4-  3*C02 

The  carbon  dioxide  is  much  more  soluble  in  water  than  the 
methane,  and  is  largely  dissolved  out.  A  similar  bacterial 
formation  of  methane  occurs  in  the  human  intestine,  and 
particularly  in  that  of  herbivores  (see  p.  123). 

We  have  already  learned  that  methane  may  be  prepared 
in  the  laboratory  from  methyl  iodide  (p.  37)  and  hence  from 
methyl  alcohol.  A  purely  inorganic  method  consists  in 
decomposing  aluminium  carbide  with  water  : 

A14C3  +  i2H20  -  4A1(0H)3  +  3CH4 

Another  convenient  process  is  to  heat  sodium  acetate  with 
soda  lime. 

CH3 ;  COONa  CH4 

+  H  |  ONa  +  Na2C03 

The  nett  result  is  the  removal  of  carbon  dioxide  from  the  acid  ; 
its  carboxyl  group  is  replaced  by  hydrogen ;  the  acid  is 
decarboxylated.  (Compare  the  partial  decarboxylation  of  oxalic 
to  formic  acid  by  glycerol,  p.  35.) 

SUBSTITUTION 

As  has  been  pointed  out,  the  paraffins  are  so  named  because 
they  are  indifferent  to  most  chemical  reagents;  they  do  how¬ 
ever  show  some  affinity  towards  the  halogens.  Thus  methane 
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is  attacked  by  chlorine  under  the  influence  of  light  according 
to  the  equation  : 

CH4  +  Cl2  -  CH3C1  +  HC1 

and  methyl  chloride  is  formed,  which  can  also  be  obtained 
from  methyl  alcohol  and  phosphorus  chlorides.  The  name 
methyl  chloride  implies  that  we  consider  the  substance  to  be 
made  up  by  addition  of  a  chlorine  atom  to  a  methyl  group, 
just  as  sodium  chloride  is  built  up  from  sodium  and  chlorine. 
But  we  can  look  at  the  substance  CH3C1  in  another  way  ;  it 
is  formed  from  methane,  by  the  replacement  of  a  hydrogen 
atom  by  chlorine.  We  may  still  regard  it  as  some  sort  of 
methane,  i.e.  methane  in  which  a  chlorine  atom  has  been  sub¬ 
stituted  for  a  hydrogen  atom ;  it  is  a  substitution  product 
of  methane,  and  this  may  be  expressed  by  calling  it  chloro- 
methane.  The  two  names  methyl  chloride  and  chloromethane 
are  therefore  synonymous. 

When  one  hydrogen  atom  has  been  replaced  by  chlorine, 
the  substitution  process  does  not  readily  stop  ;  further  hydrogen 
atoms  are  replaced  : 

CHgCl  +  CL  -  CH,C12  +  HC1 

The  new  substance  is  a  doubly  chlorinated  or  dichloromethane. 
Similarly  CHC13  is  trichloro-  and  CC14  tetrachloromethane. 
Each  additional  chlorine  atom  raises  the  boiling  point : 

Monochloromethane  or  methyl  chloride  .  CH3C1  b.p.  -  240 
Dichloromethane  or  methylene  chloride  .  CH.,C12  b.p.  +420 

Trichloromethane  or  chloroform  .  .  CHC13  b.p.  +6i° 

Tetrachloromethane  or  carbon  tetrachloride  CC14  b.p.  +77° 

The  “additive”  nomenclature  is  further  illustrated  by  the 
names  carbon  tetrachloride  and  methylene  chloride  (methylene 
is  the  bivalent  group  CH2=;  see  p.  33). 

All  these  halogen  compounds  may  be  regarded  as  esters, 
as  has  been  pointed  out  for  ethyl  chloride  on  p.  30.  On 
hydrolysis  with  alcoholic  potash,  potassium  chloride  and  methyl 
alcohol  are  formed  from  methyl  chloride,  and  in  the  same  way 
all  the  chlorine  atoms  are  replaced  by  hydroxyl.  But  since 
two  hydroxyl  groups,  when  attached  to  the  same  carbon  atom, 
lose  water,  it  follows  that  methylene  chloride  on  hydrolysis 
does  not  furnish  H2C(OBI)2  but  formaldehyde;  chloroform 
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does  not  yield  HC(OH)3  but  a  salt  of  formic  acid  ;  carbon 
tetrachloride,  instead  of  yielding  C(OH)4,  is  converted  into  a 
carbonate. 


CHLOROFORM 

Chloroform  or  trichloromethane  is  of  great  medical  import¬ 
ance  as  an  anaesthetic.  Although  it  can  be  made  from  methane, 
the  latter  is  not  a  convenient  source ;  it  is  usually  manufactured 
from  alcohol  (or  acetone,  p.  56).  We  have  seen  that  in  the  dehy¬ 
drogenation  of  ethyl  alcohol  to  acetaldehyde  and  final  oxidation 
to  acetic  acid,  one  carbon  atom  is  completely  oxidised  whilst 
the  other  is  not  attacked.  We  have  further  seen  that  chlorine 
will  attack  a  paraffin  hydrocarbon  by  substitution.  Now  if 
chlorine  acts  on  ethyl  alcohol,  these  two  actions  are  combined  ; 
on  the  one  carbon  atom  oxidation  (dehydrogenation)  occurs, 
on  the  other  substitution  of  all  the  hydrogen  ;  we  obtain 
trichloracetaldehyde  or  chloral : 

CH3.CH2OH  +  4C12  =  CCl3.CHO  +  5HCI 

On  boiling  with  alkali,  chloral  is  decomposed  into  a  formate 
and  chloroform  : 

Cl  H  Cl  H 

C1.C.C:0  +  KOH  =  Cl.CH  +  KOC :  O 
Cl  Cl 

These  reactions  may  be  combined  into  one  operation,  by  using 
bleaching  powder  and  slaked  lime  instead  of  using  successively 
chlorine  and  potassium  hydroxide.  On  gentle  warming  with 
bleaching  powder  the  alcohol  is  both  oxidised  and  chlorinated, 
and  the  chloral  is  immediately  hydrolysed,  so  that  chloroform 
distils  over,  and  calcium  formate  remains  in  the  flask.  The 
crude  chloroform  is  washed  with  water  to  free  it  from  a  little 
alcohol,  and  the  lower  layer  is  dried  over  calcium  chloride  and 
redistilled  (see  Fig.  4,  A). 

Chloroform  is  a  rather  heavy  liquid  with  a  characteristic 
sweetish  odour  (b.p.  6i°,  d.  =  1-5).  Since  it  contains  no  hydroxyl 
group  it  is  very  little  soluble  in  water,  but  yet  enough  to  act 
as  an  anaesthetic  (see  below)  and  as  a  mild  antiseptic;  thus 
in  experiments  with  enzymes  chloroform  water  may  be  used 
to  stop  bacterial  action.  On  the  other  hand,  the  absence  of 
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hydroxyl  makes  it  an  excellent  solvent  for  fats  and  many  other 
substances ;  for  instance,  if  a  little  chloroform  is  shaken  up  with 
an  aqueous  iodine  solution,  most  of  the  iodine  settles  to  the 
bottom  in  a  crimson  solution  in  chloroform  (unlike  ether  and 
ethyl  acetate,  chloroform  is  heavier  than  water).  When  chloro¬ 
form  is  boiled  with  alcoholic  potash  under  a  reflux  condenser, 
it  is  hydrolysed  to  potassium  formate. 

CHC13  +  4KOH  =  HCOOK  +  3KCI  +  2H20 

The  name  chloroform  is  connected  with  this  production  of  a 
formdXo.  The  substance  is  also  largely  made  from  acetone 
(p.  56),  which  is  chlorinated  to  trichloracetone  and  then  hydro¬ 
lysed  to  chloroform  and  calcium  acetate.  In  the  United  States 
it  is  also  manufactured  by  the  partial  reduction  of  carbon 
tetrachloride 

CC14  +  2H  =  CHC13  +  HC1. 

The  cheapest  method  consists  in  boiling  trichloracetic  acid 
(a  waste  product  in  the  manufacture  of  artificial  indigo)  with 
alkali. 

CC13 !  COONa  CHClg 
+  H  i  ONa  +  Na2COs 

Compare  this  with  the  much  less  ready  decarboxylation  of 
acetic  acid  to  methane  (p.  42). 

Pure  chloroform  is  a  rather  unstable  liquid,  for  under  the 
simultaneous  action  of  air  and  light  it  is  oxidised,  chiefly 
according  to  the  equation  : 

2CHCI3  +  02  =  2C0C12  +  2HCI 

with  the  production  of  hydrochloric  acid  and  the  very  poisonous 
carbon  oxychloride,  carbonyl  chloride  or  phosgene  (Gk.  phos , 
light  ;  genes ,  born:  produced  by  light  from  CO  +  Cl2).  Chloro¬ 
form  intended  for  anaesthesia  is  mixed  with  about  1  per  cent, 
of  ethyl  alcohol,  which  renders  the  carbonyl  chloride  innocuous 
by  converting  it  into  ethyl  carbonate,  0:C(0C2H5)2;  the 
chloroform  should  moreover  be  stored  in  full,  well-stoppered 
bottles  of  dark  glass. 
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INHALATION  ANAESTHETICS 

The  discovery  of  the  common  gases  towards  the  end  of  the 
eighteenth  century  led  to  the  study  of  their  effects  on  man, 
and  even  to  attempts  to  use  them  therapeutically  (“  Medical 
Pneumatic  Institution,”  at  Bristol).  Davy  discovered  the 
excitation  caused  by  “  laughing  gas  ”  and  also  its  power  of 
producing  insensitiveness,  whence  he  already  suggested  its 
use  in  surgical  operations  (1798).  It  was  not  however  until 
1844  that  certain  American  dentists  became  impressed  by  its 
anaesthetic  action,  when  witnessing  a  demonstration  of  the 
effects  of  nitrous  oxide.  As  a  result,  Jackson  and  Morton  of 
Boston  were  led  to  search  for  other  narcotic  agents  and  to 
experiment  with  ether  which  had  indeed  been  used  without 
publicity  a  few  years  earlier.  The  first  major  operation  under 
ether  was  performed  in  1846,  and  in  1847  Simpson  of 
Edinburgh  introduced  chloroform  into  surgery  and  midwifery. 
Ether  and  chloroform  are  still  the  principal  general  anaesthetics  ; 
nitrous  oxide  did  not  come  into  use  until  the  sixties  of  last 
century ;  later,  ethyl  chloride,  particularly  when  mixed  with 
ethyl  bromide  (“  narcoform  ”)  was  used  to  some  extent.  For 
minor  operations  ethylene  has  been  used,  especially  in  the 
United  States;  pure  acetylene  (“ narcylene ”)  has  also  been 
employed;  it  forms  with  air  a  dangerously  explosive  mixture. 
All  these  substances  are  very  volatile  and  pass  rapidly  through 
the  lungs  into  the  blood  stream  ;  with  002  to  0-03  per  cent,  of 
chloroform,  or  0-13  to  0-14  per  cent,  of  ether  in  the  blood 
complete  anaesthesia  results.  It  has  been  shown  experimentally 
that  during  anaesthesia  the  brain  and  particularly  the  spinal 
cord,  contain  rather  more  chloroform  than  does  the  blood,  and 
the  same  applies  to  certain  fat  deposits.  Nervous  tissue  has 
a  high  proportion  of  fat-like  substances  (lipoids),  and  chloroform, 
ether,  etc.,  act  on  account  of  their  power  of  mixing  with  such 
substances.  We  have  seen  above  that  iodine,  shaken  with 
water  and  chloroform,  will  largely  pass  into  the  chloroform  in 
which  it  is  more  soluble.  Similarly  chloroform  will  be  extracted 
from  its  aqueous  solution  in  blood  by  fats  and  lipoids.  The 
partition  depends  on  the  ratio  of  solubility  in  water  and  in 
fat.  Since  ether  is  much  more  soluble  in  water  than  is 
chloroform,  it  does  not  pass  quite  so  readily  out  of  the  blood 
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into  nervous  tissue.  Hence  it  has  to  be  present  in  the  blood 
in  larger  concentration  than  chloroform  before  anaesthesia  is 
produced  (see  above). 

Ideally  anaesthesia  is  a  reversible  physical  process;  as 
soon  as  inhalation  is  stopped,  the  anaesthetic  is  again  more  or 
less  rapidly  excreted  through  the  lungs ;  it  evaporates,  as  it 
were.  In  this  way  the  depth  of  the  anaesthesia  can  be  readily 
controlled.  A  little  chloroform  is,  however,  decomposed,  and 
somewhat  increases  the  chlorides  in  the  urine.  Chloroform  is 
chemically  not  quite  so  indifferent  as  ether.  For  a  long  time  it 
ousted  ether  in  Europe,  but  an  increasing  number  of  accidents 
with  chloroform  led  to  the  rehabilitation  of  ether  as  the  equal 
or  perhaps  the  superior  of  chloroform.  Gases  like  nitrous 
oxide  and  ethylene  are  not  taken  up  preferentially  by  the 
lipoids,  so  that  when  their  administration  is  stopped,  the 
anaesthesia  passes  off  particularly  rapidly. 

We  see,  then,  that  the  effect  of  inhalation  anaesthetics 
depends  on  their  physical  properties  (volatility,  slight  solubility 
in  water  and  blood).  These  properties  determine  the  depth 
and  duration  of  the  anaesthesia,  in  the  order  :  nitrous  oxide, 
ethylene,  ethyl  chloride,  ether,  chloroform.  Of  these  the  last 
named  is  the  most  apt  to  produce  accidents,  and  carbon  tetra¬ 
chloride  is  already  far  too  toxic  to  be  used  as  an  anaesthetic. 

In  its  physical  properties  alcohol  is  to  some  extent  inter¬ 
mediate  between  water  and  ether.  Through  its  hydroxyl 
group  it  is  related  to  water,  through  its  ethyl  group  to  ether 
and  other  fat  solvents.  Hence  alcohol  also  produces  insensi¬ 
tiveness,  but  owing  to  its  unfavourable  partition  between  water 
and  fats,  large  concentrations  are  necessary  and  the  effect  is 
prolonged.  Tadpoles  are  narcotised  in  a  1*5  per  cent,  solution 
of  ethyl  alcohol,  but  of  chloral  hydrate  and  various  other 
hypnotics  much  smaller  concentrations  suffice,  because  they  are 
relatively  more  soluble  in  fats  and  in  lipoids.  The  subject  of 
sedatives  and  hypnotics,  which  is  to  some  extent  related  to  that 
of  general  anaesthetics,  is  discussed  in  a  subsequent  chapter 
(p.  159).  It  may  be  mentioned  here  that  tribromo-ethyl 
alcohol,  CBr3.  CH2OH,  avertin,  is  coming  into  use  as  a  general 
anaesthetic,  administered  per  rectum.  This  substance  is  non¬ 
volatile  and  its  action  cannot  be  readily  reversed.  Hence  it  is 
used  in  an  amount  insufficient  to  produce  complete  anaesthesia ; 
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after  this  basal  narcosis  in  bed,  the  “fine  adjustment”  of  the 
anaesthesia  is  brought  about  in  the  usual  way  by  an  inhalation 
anaesthetic,  the  additional  effect  of  which  can  be  readily  reversed, 
since  it  is  volatile.  The  effect  of  avertin  may  also  be  rendered 
complete  by  a  local  anaesthetic. 

OTHER  HALOGEN  COMPOUNDS 

Iodoform,  tri-iodo-methane,  CHI3,  is,  as  the  name  implies,  an 
analogue  of  chloroform,  and  is  also  used  in  surgery,  but  for  an 
entirely  different  purpose,  as  a  disinfectant  of  wounds.  It  is  a 
yellow  crystalline  solid,  with  a  penetrating  peculiar  odour,  and 
must  therefore  be  somewhat  volatile  at  the  ordinary  tempera¬ 
ture.  It  can  be  made  by  mixing  2  parts  of  crystalline  sodium 
carbonate  in  io  parts  of  water  with  i  part  of  strong  spirit, 
warming  to  about  yo°  and  gradually  adding  i  part  of  powdered 
iodine.  Sodium  hydroxide  may  be  used  instead ;  in  either 
case  sodium  hypoiodite  is  formed,  and  doubtless  acts  like 
bleaching  powder  in  the  manufacture  of  chloroform  ;  tri-iodo- 
acetaldehyde  would  be  an  intermediate.  Both  alcohol  and 
acetone  can  be  used  ;  in  the  former  case  the  reaction  may  be 
formulated  thus  : 

C2H5OH  +  81  +  6KOH  -  CHI8  +  HC00K  +  5KI  +  5H20 

Since  iodoform  is  practically  insoluble  in  water,  its  production 
constitutes  a  very  delicate  test  for  alcohol,  acetone  and  gener¬ 
ally  for  substances  having  the  group  CH3.CHOH.C=  or 
CH3.CO.C= 

Chloral  and  its  hydrate,  CC13 .  CH(OH)2.  —  Trichlor- 
acetaldehyde  or  chloral  has  already  been  mentioned  as  an 
intermediate  in  the  preparation  of  chloroform,  into  which  it 
is  decomposed  by  alkalies.  Hence,  when  bleaching  powder 
and  slaked  lime  act  on  alcohol,  chloral  is  not  produced,  but 
chloroform  results  instead.  Chloral  is,  however,  obtained  by 
chlorinating  alcohol  by  means  of  a  slow  current  of  dry  chlorine 
until  no  more  hydrogen  chloride  is  evolved.  Chloral  alcoholate, 
a  crystalline  addition  compound  of  chloral  with  alcohol,  is 
formed,  and  by  heating  this  with  concentrated  sulphuric  acid 
chloral  itself  is  obtained  as  a  mobile  liquid,  which  can  be 
purified  by  distillation. 
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We  have  seen  that  acetaldehyde,  in  virtue  of  the  double 
bond  of  the  carbonyl  group,  has  the  power  of  adding  ammonia, 
sodium  bisulphite,  etc.  In  trichloracetaldehyde  this  power  of 
addition  is  greatly  increased  so  that  water,  alcohol  and  many 
other  substances  combine  with  it.  When  equimolecular 
quantities  of  water  and  chloral  are  mixed,  there  is  considerable 
evolution  of  heat,  and  on  cooling  the  reaction  product  becomes 
entirely  solid  and  crystalline. 


H 

CC13 .  C  :  O  +  H20 


=  CCI3.C 


H  /OH 
OH 


Chloral  hydrate  therefore  provides  an  example  of  a  compound 
in  which  two  hydroxyl  groups  are  attached  to  the  same 
carbon  atom  ;  this  exceptional  behaviour  is  connected  with  the 
accumulation  of  electronegative  chlorine  on  the  neighbouring- 
carbon  atom.  The  stability  of  chloral  hydrate  is,  however, 
limited;  on  heating  the  substance  dissociates 

CCl3.CH(OH)2^CCl3.CHO  +  H20 

so  that  the  vapour  density  is  halved.  Chloral  alcoholate, 
the  principal  product  of  the  complete  chlorination  of  alcohol 
is  similarly  constituted : 

H  OH 
CClg.Cd 

x  oc2h5 

Chloral  hydrate  is  easily  recognised  by  its  reducing  properties 
and  by  its  hydrolysis  to  chloroform  by  alkalies.  It  was  this 
hydrolysis  which  suggested  the  use  of  chloral  hydrate  as  an 
anaesthetic,  in  the  expectation  that  it  would  be  split  to 
chloroform  in  the  tissues.  The  expectation  was  not  realised 
chloral  given  by  the  mouth  does  not  yield  chloroform,  but  is 
eliminated  in  the  urine  as  a  compound  of  trichlor-ethyl  alcohol 
with  glycuronic  acid  (p.  106).  Nevertheless,  chloral  hydrate 
met  with  considerable  application,  for  it  was  found  to  cause 
sleep  ;  it  is  indeed  the  oldest  synthetical  hypnotic  (1868). 
Compare  the  modern  use  of  tribromo-ethyl  alcohol  (avertin) 
for  basal  narcosis  (p.  47). 
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CHLORINE  DERIVATIVES  OF  ACETIC  ACID 

We  have  seen  that  acetic  acid  is  stable  to  most  oxidising 
agents ;  on  treatment  with  chlorine,  however,  particularly  in 
sunlight,  substitution  takes  place  and  monochloracetic  acid  is 
formed,  ClCH2.COOH,  a  crystalline  solid.  Its  chief  interest 
lies  in  the  possibility  of  converting  it  into  other  compounds, 
for  instance,  hydroxy  -  acetic  acid,  HO.CH2.COOH.  On 
further  chlorination  di-  and  tri-chloracetic  acid  result.  The 
last  named  is  a  corrosive  solid,  solutions  of  which  precipitate 
protein.  On  boiling  with  excess  of  sodium  hydroxide,  sodium 
trichloracetate  yields  chloroform  (see  p.  45  for  the  practical 
importance  of  this  reaction). 

Acetyl  chloride,  CH3.C0C1. — This  compound  is  entirely 
different  from  chloracetic  acid,  for  it  results  from  the  replace¬ 
ment  of  the  hydroxyl  group,  instead  of  a  hydrogen  atom.  As  in 
the  case  of  alcohol,  the  replacement  is  brought  about  by  heating 
with  phosphorus  chlorides,  eg. — 

CH3.COOH  +  PC15  =  CH3.C0C1  +  HC1  +  POCI3. 

Since  ethyl  alcohol  minus  hydroxyl  is  called  the  ethyl  radicle, 
we  may  similarly  give  a  name  to  acetic  acid  minus  hydroxyl, 
and  call  it  the  acetyl  group ;  hence  the  name  acetyl  chloride. 
The  chlorine  atom  in  chloracetic  acid  is  associated  with 
hydrogen  atoms,  and  has  the  same  kind  of  reactivity  as  that 
in  ethyl  chloride.  In  acetyl  chloride,  however,  the  chlorine  is 
attached  to  a  carbon  atom  which  is  already  oxidised,  and  a 
chlorine  atom  in  this  position  is  very  much  more  reactive. 
Thus  whilst  chloracetic  acid  can  be  boiled  for  a  long  time 
with  water,  without  much  transformation  taking  place,  acetyl 
chloride  reacts  vigorously  even  with  cold  water,  yielding  acetic 
and  hydrochloric  acids  : 

CH3.C0C1  +  PIOH  =  CH3.COOH  +  HC1. 

This  reaction  is  analogous  to  the  decomposition  of  phosphorus 
halides  by  water,  eg. — 

PC13  +  3H20  =  H3P03  +  3HCI. 

Phosphorus  trichloride  is  the  acid  chloride  of  phosphorous 
acid,  and  reacts  even  more  vigorously  with  water  than  does 
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acetyl  chloride  which  it  resembles  in  many  ways;  carbonyl 
chloride  or  phosgene  is  the  acid  chloride  of  carbonic  acid  : 

COCl2  +  2H20  =  CO(OH)2  +  2HCI 

As  we  have  seen,  ethyl  chloride  is  the  anhydride  of  a  molecule 
of  alcohol  and  of  hydrochloric  acid,  and  may  be  regarded  as 
an  ester ;  likewise  acetyl  chloride  is  the  anhydride  of  two 
acids,  acetic  and  hydrochloric.  Similarly  we  can  imagine  a 
symmetrical  anhydride  from  two  molecules  of  the  same  acid  ; 
in  the  case  of  acetic  acid  we  have  acetic  anhydride  or  diacetyl 
oxide,  (CH3C0)20.  Its  preparation  is  analogous  to  that  of 
diethyl  oxide  or  ether ;  we  heat  acetyl  chloride  with  sodium 
acetate. 

CH3 .  CH0C1  +  NaOCH2 .  CH3  =  CH3 .  CH2 .  O .  CH2 .  CH3  +  NaCl 
CH3.COCI  +  NaOCO .  CH3  =  CH3.C6.G.C0.CH3  +NaCl 

Acetic  anhydride  has  a  much  higher  boiling  point  than  acetyl 
chloride  and  is  distinctly  more  stable  ;  but  it  too  reacts  with 
water,  slowly  in  the  cold,  rapidly  on  heating,  to  form  acetic 
acid. 

(CH3 .  C0)20  +  H20  -  2CH3.COOH. 

In  order  to  generalise  we  will  call  such  radicles  as  methyl  and 
ethyl,  which  are  alcohols  minus  hydroxyl,  alkyl  radicles,  and 
those  which,  like  the  acetyl  group,  are  acids  minus  hydroxyl  we 
will  call  acyl  radicles.  We  see  then  that  three  kinds  of 
anhydrides  are  possible  : 

alcohol  +  alcohol  -  water  =  ether  or  dialkyl  oxide, 
alcohol  +  acid  -  water  =  ester  or  alkyl-acyl  oxide, 
acid  +  acid  -  water  =  acid  anhydride  or  diacyl  oxide. 

Thus  ethyl  acetate  is  made  up  of  an  ethyl  and  an  acetyl  group 
united  by  oxygen,  CH3CH2 .  O .  COCH3.  The  order  of  the 
above  table  is  also  the  order  of  stability.  Ethers  and  esters 
are  practically  not  attacked  by  cold  water  and  some  are  of 
great  biological  importance  as  carbohydrates  and  as  fats 
respectively ;  acid  anhydrides  are  decomposed  by  cold  water 
and  hence  are  devoid  of  biological  interest. 


ALIPHATIC  COMPOUNDS,  MOSTLY  CONTAINING 
MORE  THAN  TWO  CARBON  ATOMS 

ISOMERIC  ALCOHOLS 

Methyl  and  ethyl  alcohol  (methyl  and  ethyl  “hydroxide”) 
are  hydrocarbons  in  which  one  hydrogen  atom  has  been 
replaced  by  a  hydroxyl  group ;  we  might  call  them  hydroxy 
methane  and  hydroxy  ethane.  Similarly  there  are  alcohols 
corresponding  to  each  of  the  paraffin  hydrocarbons  C^H2n+2  ; 
the  general  formula  of  these  alcohols  is  CJ,H2ft+1OH.  All  the 
hydrogen  atoms  of  methane  and  of  ethane  are  similar,  so  that 
these  two  hydrocarbons  have  only  one  hydroxy  derivative 
apiece,  but  when  we  come  to  propane,  the  case  is  different: 

Id  H  H 
HC.C.CH 
H  H  H 

We  can  introduce  the  hydroxyl  group  either  on  one  of  the 
terminal  carbon  atoms,  or  on  the  central  one.  Hence  there 
are  two  isomeric  propyl  alcohols, 

H  H  H  H  H  H 

HC.C.C.OH  and  HC.C.CH 
H  Id  H  H  Q  H 

H 

<g 

just  as  (by  introducing  methyl  groups  instead  of  a  hydroxyl) 
we  can  obtain  two  butanes  (see  p.  38). 

We  will  next  consider  how  many  alcohols  of  the  formula 
C4H9OH  can  exist.  Taking  first  normal  butane,  we  see  as 
before  that  we  can  either  replace  a  hydrogen  atom  on  a 
terminal  carbon  atom,  or  on  a  central  one  (H). 
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H  H  H  H 
HC.C.C.CH 
H  H  H  H 


A 

H  H  H  H 
HC.C.C.C.OH 
H  H  H  H 


X 

H  H  H  H 
(II)  HC.C.C.CH 
H  H  Q  H 


The  same  applies  to  isobutane  :  any  of  the  nine  hydrogens 
attached  to  terminal  carbon  atoms  can  be  replaced,  or  the  H 
on  the  central  carbon  atom. 


(Ill) 


H 

HCH 

H 

HC - C— 

H  H 


H 

HC— 

H 

HCH 

_ c _ 

H 

_ CH 

H 

H 

H 

)/ 

A  \ 

Xx 

H 

H 

— C.OH 

(IV)  HC— 

H 

H 

H 

HCH 

H 

— C - CH 

O  H 

H 


Hence  there  are  four  butyl  alcohols.1  In  order  to  find  names 
for  them,  we  note  that  in  (i)  and  (ill),  the  hydroxyl  group  is 
attached  to  a  terminal  carbon  atom.  This  bears  in  addition 
two  hydrogen  atoms,  and  is  attached  to  only  one  other  carbon 
atom  ;  such  an  alcohol  is  called  primary.  In  (il)  the  carbon 
atom  bearing  the  hydroxyl  is  attached  to  one  hydrogen  atom 
and  to  two  carbon  atoms ;  such  an  alcohol  is  called  secondary. 
Linally  in  (iv)  the  hydroxylated  carbon  atom  bears  no  hydrogen, 
and  is  attached  to  three  other  carbon  atoms ;  this  we  call  a 
tertiary  alcohol.  We  still  have  to  distinguish  between  the 
two  primary  alcohols  (i)  and  (ill);  (i)  has  an  unbranched  chain 
and  is  normal  (primary),  (ill)  has  a  branched  chain  and  is  the 
iso  (primary)  butyl  alcohol.  We  further  see  that  normal 

1  Note  that  introduction  of  a  methyl  group  into  the  butanes  yields 
only  three  pentanes  since  one  of  these  is  derived  from  both  butanes  ; 
see  pp.  38,  39. 
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propyl  alcohol  is  primary  and  its  isomer,  isopropyl,  is  a 
secondary  alcohol.  Accordingly  we  distinguish  : 


Primary  or  normal  propyl  alcohol  . 

CH3.CH2.CH2OH 

b.p.  97° 

Secondary  or  isopropyl  alcohol 

™3>CHOh 

b.p.  83° 

(Primary)  normal  butyl  alcohol 

ch3.ch2.ch2.ch2oh 

b.p.  1 1 70 

(Primary)  isobutyl  alcohol 

™3>ch.ch2.oh 

b.p.  1080 

CH 

Secondary  butyl  alcohol  .  .  3‘ 

£^2>choh 

b.p.  ioo° 

Tertiary  butyl  alcohol 

ch3\ 

chAc.oh 

ch3/ 

b.p.  S30 

All  these  alcohols  may  be  regarded  as  methyl  alcohol  in  which 
one  or  more  of  the  three  hydrogen  atoms  attached  to  carbon 
are  replaced  by  methyl,  ethyl  or  other  radicles  (alkyl  groups, 
p.  51).  Thus  tertiary  butyl  alcohol  is  methyl  alcohol  in  which 
all  three  hydrogens  are  replaced  by  methyl.  If  we  use  for 
methyl  alcohol  its  synonym  methanol,  the  above-mentioned 
alcohols  may  be  named  as  follows  : 

normal  propyl  alcohol  =  ethyl-methanol, 
isopropyl  alcohol  =  dimethyl-methanol, 
normal  butyl  alcohol  =  normalpropyl-methanol, 
isobutyl  alcohol  =  isopropyl-methanol, 

sec.  butyl  alcohol  =  methyl-ethyl-methanol, 
tert.  butyl  alcohol  =  tri-methyl-methanol. 

There  is  a  considerable  difference  in  the  behaviour  of  primary, 
secondary  and  tertiary  alcohols  to  oxidising  agents.  The 
oxidation  of  a  paraffin  hydrocarbon  can  only  take  place  by 
introducing  an  oxygen  atom  between  carbon  and  hydrogen, 
by  converting  the  hydrogen  into  a  hydroxyl  group.  This 
cannot  be  done  directly.  In  the  combustion  of  methane, 
methyl  alcohol  is  indeed  formed,  but  since  the  alcohol  is  much 
less  stable  than  the  hydrocarbon,  further  oxidation  proceeds 
rapidly  and  we  obtain  carbon  dioxide.  A  primary  alcohol 
can  however  be  dehydrogenated  (“oxidised”)  at  a  low  tem¬ 
perature,  for  instance  by  chromic  acid ;  the  resulting  aldehyde 
can  be  oxidised  further,  to  an  acid.  In  a  secondary  alcohol 
there  is  only  one  hydrogen  atom  adjoining  the  hydroxyl  group, 
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and  its  removal,  along  with  the  hydroxylic  hydrogen,  produces 
a  carbonyl  group,  as  in  the  aldehydes. 

H 

CH3 .  C .  CH3  +  O  -  CHS .  C .  CH3  +  H20 

o  o 

H 

Unlike  an  aldehyde,  however,  the  above  oxidation  product  has 
no  hydrogen  atom  attached  to  its  carbonyl  group,  so  that 
further  oxidation  cannot  take  place  readily.  Secondary  alcohols 
on  oxidation  therefore  yield  a  new  class  of  substances,  analogous 
to  aldehydes,  but  differing  from  them  in  their  relative  stability 
to  oxidising  agents.  These  new  substances  are  called  ketones. 

In  the  tertiary  alcohols  there  is  no  hydrogen  attached  to 
the  carbon  atom  bearing  the  hydroxyl  group.  Hence  sub¬ 
stances  like  trimethyl  carbinol  are  not  readily  oxidised,  and 
when  acted  on  by  powerful  reagents,  the  molecule  is  disrupted. 
Among  the  primary  alcohols,  the  first  member  is  peculiar  in 
having  three  hydrogen  atoms  alongside  the  hydroxy],  so  that 
after  oxidation  of  methyl  alcohol  to  formic  acid,  one  of  these 
hydrogen  atoms  still  remains.  As  we  have  seen  (p.  36)  this 
confers  reducing  properties  on  formic  acid,  which  may  go 
through  yet  a  further  stage  of  oxidation,  to  carbonic  acid. 
Methyl  alcohol  is  in  a  class  by  itself  in  which  the  number  of 
carbon  atoms  attached  by  the  side  of  the  hydroxyl  group 
is  zero.  We  accordingly  have  the  following  scheme  : 

methyl  alcohol  — formaldehyde  — >■  formic  acid  — >-  carbonic  acid, 
prim,  alcohols  — >■  aldehydes  — >■  acids 

sec.  alcohols  — >-  ketones 
tert.  alcohols 


KETONES 

The  simplest  example  of  this  class  is  acetone,  CH3.  CO  .  CH3, 
the  oxidation  product  of  isopropyl  alcohol.  Ketones  must 
necessarily  have  at  least  three  carbon  atoms  ;  they  are  usually 
named  after  the  two  alkyl  groups  attached  to  the  carbonyl 
group.  Thus  acetone  is  dimethyl  ketone,  and  the  oxidation 
product  of  sec.  butyl  alcohol  is  called  methyl  ethyl  ketone. 

CH3.CH2.CHOH.CH3 

Sec.  butyl  alcohol 


>ch3.ch2.co.ch3 

Ethyl  methyl  ketone. 
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The  ketones  may  also  be  called  after  the  hydrocarbons 
(“propanone”  and  “butanone”). 

Acetone  (or  propanone)  is  formed  in  the  destructive 
distillation  of  wood,  and  hence  is  a  normal  impurity  in  crude 
wood  spirit.  It  is  manufactured  by  distilling  calcium  acetate. 


CH3  .  CO  i  O 


CH3.CO.CH3  +  CaC03 


CH3  :  CO .  O 


It  is  further  obtained  industrially  by  the  fermentation,  by 
means  of  a  bacterium,  of  maize  and  other  materials  which  can 
yield  sugar.  This  process,  which  was  developed  during  the 
war  for  the  production  of  acetone  (in  a  yield  of  30  per  cent.), 
furnishes  as  main  product  butyl  alcohol  (in  60  per  cent  yield). 
Owing  to  the  introduction  of  prohibition  into  the  United  States, 
amyl  alcohol,  C5HnOH,  from  fusel  oil  was  no  longer  available 
there,  and  hence  butyl  alcohol  came  into  use  for  the  manu¬ 
facture  of  varnishes,  nitrocellulose  lacquers,  etc. ;  it  has  thus 
become  the  more  valuable  product  of  this  fermentation. 

Acetone  is  a  liquid  with  a  not  unpleasant  characteristic 
odour  and  boils  at  56°.  It  is  miscible  with  water  in  all  pro¬ 
portions,  and  as  a  solvent  is  intermediate  between  alcohol  and 
ether.  It  is  stable  to  ordinary  oxidising  agents,  and  can  for 
instance  be  freed  from  methyl  alcohol  by  boiling  with  potassium 
permanganate.  Powerful  oxidising  agents  break  up  ketones 
into  two  acids  ;  for  example,  potassium  dichromate  and  sulphuric 
acid  oxidise  acetone  to  acetic  and  formic  acids. 

CH3.CO.CH3  +  3O  =  CH3.COOH  +  HCOOH. 

The  break  up  of  acetone  is  further  brought  about  by  hypo¬ 
chlorites  and  hypoiodites.  Acetone  is  therefore  used  for 
making  chloroform  ;  the  trichloracetone  first  produced  is  hydro¬ 
lysed  by  alkalies. 

CCI3 .  CO .  CH3  +  NaOH  -  CHC13  +  CH3 .  COONa. 

Sodium  acetate  results  instead  of  the  formate,  which  is  obtained 
when  alcohol  is  the  starting  material.  Similarly  acetone  gives 
the  iodoform  reaction.  In  virtue  of  the  double  bond  of  the 
carbonyl  group  acetone  is  capable  of  adding  hydrogen  (to  form 
isopropyl  alcohol),  sodium  bisulphite,  etc.,  and  also  resembles 
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the  aldehydes  in  its  capacity  to  form  an  oxime,  and  in  the 
tendency  for  two  or  more  molecules  to  combine.  The  occur¬ 
rence  of  acetone  in  the  body  and  in  urine  will  be  dealt  with  in 
connection  with  acetylacetic  acid. 

THE  HOMOLOGOUS  SERIES  OF  ALCOHOLS  AND 

OF  ACIDS 


The  alcohols  and  acids  form  series  analogous  to  that  of  the 
hydrocarbons.  Limiting  ourselves  to  unbranched  chains  and 
primary  alcohols  we  may  illustrate  these  two  series  as  follows  : 


Alcohols  CnU2n+1 

OH. 

Acids  CTCH2n02 

Methyl 

.  .  CH.OH 

o 

b.p.  64° 

Formic  . 

•  CH.A 

b.p.  ioi° 

Ethyl 

.  .  c.2h5oh 

„  73° 

Acetic 

.  c2h4o2 

„  1 180 

Propyl 

.  .  c„h7oh 

„  97° 

Propionic 

•  c3H,o2 

n  I4U 

Butyl 

.  .  c4h„oh 

„  11 7° 

Butyric  . 

•  c4Hso2 

„  162° 

Amyl 

.  .  CtHuOH 

„  138° 

Valeric  . 

•  c,H10o2 

»  185° 

Hexyl 

•  •  CcH13OH 

»  1 57° 

Caproic  . 

•  QH12o2 

0 

LO 

O 

N 

Heptyl 

•  •  C7H150H 

„  1 76° 

Heptoic  . 

.  c7H14o2 

»  223° 

Octyl 

.  CsH17OH 

»  I95° 

Octoic 

.  c8h16o2 

»  237° 

Nonyl 

.  .  CqHigOH 

„  213° 

Nonoic  . 

•  c9H18o2 

m.p.  120 

Decyl 

.  .  Ci0H21OH 

„  231° 

Decoic  . 

•  ^10-^20^2 

„  3i° 

Cetyl 

•  •  C1cH33OH 

m.p.  50° 

Palmitic  . 

•  c1GHS2o2 

„  62° 

Stearic 

.  c18h36o2 

69° 

The  immediate  object  of  this  table  is  to  show  the  gradual  rise 
in  boiling  and  melting  point.  Each  substitution  of  methyl  for 
hydrogen  raises  the  boiling  point  by  something  like  20°.  All 
these  compounds  have  only  one  hydroxyl  (or  carboxyl)  group, 
and  whilst  in  the  lowest  members  this  brings  about  complete 
miscibility  with  water  (the  hydroxyl  compound  par  excellence) 
the  proportion  of  hydroxyl  in  the  higher  members  is  so  small, 
that  palmitic  and  stearic  acids  are  quite  insoluble  in  water; 
they  constitute  the  substance  of  “palmitin”  or  “stearin” 
candles.  Cetyl  alcohol  is  similarly  insoluble.  The  physical 
properties  of  these  highest  members  are  chiefly  determined  by 
their  long  alkyl  groups,  and  physically  they  are  therefore  not 
very  different  from  the  highest  paraffin  hydrocarbons.  Both 
“palmitin”  candles,  made  from  acids,  and  “paraffin”  candles 
made  from  hydrocarbons,  are  wax-like  solids,  soluble  in  fat 
solvents,  such  as  ether,  chloroform,  carbon  bisulphide,  petroleum 


53 


ORGANIC  CHEMISTRY 


ether,  benzene  and  other  liquids  devoid  of  a  hydroxyl  group. 
They  are  less  soluble  in  absolute  alcohol,  and  are  precipitated 
when  the  alcohol  is  diluted  with  water.  The  fats  themselves 
are  esters  of  the  higher  acids,  particularly  palmitic  and  stearic  ; 
hence  the  term  “  fatty  acid  ”  which  is  used  not  only  for  the 
higher  members,  but  for  the  whole  series.  Formic,  acetic 
propionic,  etc.,  are  also  called  fatty  acids.  In  a  wider  sense  the 
term  fatty  compound  is  applied  to  all  substances  related  to  the 
fatty  acids.  The  large  division  of  organic  chemistry  with  which 
we  are  at  present  concerned,  is  that  of  fatty  or  aliphatic 
compounds  (Gk.  aleiphar ,  fat). 

Before  passing  on  to  the  actual  fats,  which  are  of  great 
biological  importance,  we  will  consider  a  few  individual  alcohols, 
acids  and  esters.  A  mixture  consisting  largely  of  two  amyl 
alcohols,  C5H11OH,  both  with  branched  chains,  is  formed  as  a 
by-product  in  alcoholic  fermentation,  especially  from  potatoes, 
and  is  known  as  fusel  oil  (see  further,  p.  227).  On  account  of 
their  large  alkyl  groups  these  alcohols  are  but  little  soluble  in 
water ;  when  shaken  with  a  moderate  quantity  of  water,  fusel 
oil  forms  a  separate  supernatant  layer  (hence  the  second  part  of 
its  name).  Like  ether  it  can  be  used  for  extracting  aqueous 
solutions.  Since  fusel  oil  boils  at  about  130°  it  is  held  back  in 
a  patent  still,  but  passes  over  to  some  extent  in  the  simpler  pot 
still.  It  is  distinctly  more  toxic  than  ethyl  alcohol.  Fusel  oil 
and  its  compounds  are  used  as  solvents  for  nitrocellulose 
lacquers  (as  was  pointed  out  on  p.  56,  it  has  been  largely 
replaced  by  butyl  alcohol  derivatives). 

Isoamyl  acetate,  CH3.COOC5Hn,  has  the  odour  of  pear  drops 
and  is  manufactured  for  flavouring  purposes.  Cetyl  alcohol, 
C16H33OH,  occurs  as  cetyl  palmitate,  C15H31 .  COOC16H33,  in 
spermaceti,  a  wax-like  substance  in  the  head  of  the  sperm 
whale.  From  this  ester  the  alcohol  can  be  obtained  by 
hydrolysis  with  alcoholic  potash  and  dilution  with  water, 
when  the  alcohol  is  precipitated  and  the  palmitic  acid  remains 
dissolved  as  potassium  salt.  The  animal  and  vegetable  waxes 
in  general  are  esters  of  the  higher  fatty  acids  with  an  alcohol 
containing  a  single  hydroxyl  group  (so-called  monohydric 
alcohol).  Thus  beeswax  is  myricyl  palmitate  C15H31 .  COOC30H61 
and  furnishes  myricyl  alcohol,  C30HclOH,  with  a  very  long 
straight  chain  of  carbon  atoms. 
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We  may  here  also  consider  some  esters  of  inorganic  acids 
with  monohydric  alcohols. 

Ethyl  hydrogen  sulphate,  C2H5H  S04,  was  already  mentioned 
in  connection  with  the  preparation  of  ether.  It  is  an  ester  and 
at  the  same  time  an  acid,  and  is  formed  when  ethyl  alcohol  and 
concentrated  sulphuric  acid  are  mixed.  Ethyl  sulphuric  acid  is 
distinguished  from  sulphuric  acid  by  its  soluble  barium  salt; 
when  a  solution  of  the  latter  is  boiled,  barium  sulphate  is 
precipitated,  owing  to  hydrolysis.  When  ethyl  sulphuric  acid 
is  heated  with  excess  of  alcohol,  ether  is  formed  (p.  18);  when 
heated  by  itself  it  yields  ethylene  (p.  61). 

CH3Ox  o 

Dimethyl  sulphate  bSA  is  a  neutral  ester  of 

CH./D  W) 

sulphuric  acid;  it  is  a  heavy  liquid,  insoluble  in  water  and 
used  in  organic  chemistry  as  a  methylating  agent. 

Ethyl  nitrite,  C2HsO  .  N  :  O,  may  be  prepared  by  adding 
a  mixture  of  alcohol,  water  and  sulphuric  acid  to  an  alkali 
nitrite,  in  the  cold. 

2NaN02  +  H2S04  +  2C2H50H  =  Na2S04  +  2C2H50  .  N  :  O  +  2H20 

If  sufficient  water  is  added,  the  ester  separates  as  an  oily 
liquid.  It  has  a  peculiar  fruity  odour  and  low  boiling  point 
(170).  It  is  used  in  medicine  in  dilute  alcoholic  solution,  and 
also  as  a  constituent  of  “sweet  spirit  of  nitre,”  formed  by 
the  action  of  nitric  acid  on  metallic  copper  in  the  presence 
of  alcohol.  The  nitric  acid  is  reduced. 

Amyl  nitrite,  C5HnONO,  is  made  in  a  similar  way.  Both 
these  esters  of  nitrous  acid  are  administered  by  inhalation. 
From  the  lungs  they  pass  into  the  blood  and  are  there  rapidly 
hydrolysed  to  inorganic  nitrites  which  produce  dilatation  of 
the  blood  vessels  (the  same  effect  can  be  produced  more 
slowly  with  sodium  nitrite  given  by  the  mouth). 

The  organic  halogen  compounds  are  esters  of  the  halogen 
acids  ;  thus  ethyl  chloride  is  the  ethyl  ester  of  hydrochloric 
acid,  methyl  iodide  the  methyl  ester  of  hydriodic  acid. 

Of  the  fatty  acids  all  those  with  an  even  number  of  carbon 
atoms  occur  in  nature ;  thus  butyric  acid  is  present  as  an 
ester  in  butter  (but  hardly  in  margarine).  Butter  which  has 
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become  rancid  owing  to  bacterial  action  owes  its  odour  to 
butyric  acid  set  free  by  hydrolysis.  Butyric  acid  is  also  formed 
from  sugar  by  a  peculiar  fermentation,  due  to  an  organism 
which  develops  in  sour  milk.  Precipitated  chalk  is  added 
to  neutralise  the  acid,  and  enable  the  organism  to  develop. 
(Lactic  acid  is  formed  first.)  In  addition  to  the  unbranched  acid 
referred  to  above  there  is  isobutyric  acid,  (CH3)2CH .  COOH, 
the  oxidation  product  of  isobutyl  alcohol. 

Caproic  (=  hexoic),  octoic  and  decoic  acids  all  occur  (as 
glycerides)  in  butter  fat,  particularly  of  goats  (L.  caprd). 
The  acids  with  twelve  and  with  fourteen  carbon  atoms  occur 
in  a  few  fats,  chiefly  vegetable ;  those  with  sixteen  and 
eighteen  carbon  atoms  are  the  most  abundant  of  all  the 
fatty  acids. 

Valeric  (pentoic)  acid,  C5H10O2,  occurs  in  the  oil  of  the 
valerian  root  which  has  an  old,  if  perhaps  not  well  justified, 
reputation  in  the  treatment  of  nervous  excitement.  Certain 
hypnotics  (see  p.  159)  are  derivatives  of  isovaleric  acid. 

Heptoic  or  cenanthic  acid  (Gk.  oinos ,  wine ;  anthos ,  flower ; 
compare  bouquet  below)  occurs  as  ester  in  wine  and  is  an 
important  constituent  of  the  group  of  substances,  present  only 
in  small  quantity,  which  impart  peculiar  odour  and  taste,  and 
distinguish  one  wine  or  vintage  from  another.  They  are  known 
collectively  as  “  bouquet  ”  and  are  often  only  developed  by 
prolonged  keeping. 

It  will  be  evident  that  theoretically  each  organic  acid  can 
form  an  ester  with  any  alcohol,  so  that  the  number  of  possible 
esters  is  large.  Ethyl  acetate  is  the  commonest  example 
of  a  substance  with  fruity  odour,  amyl  acetate  was  already 
mentioned  as  having  the  odour  of  pears,  and  in  general  fruits 
are  characterised  by  their  esters.  Ethyl  butyrate  occurs  in 
pine-apples,  isoamyl  isovalerate  in  apples,  octyl  acetate  in 
oranges,  and  isoamyl  butyrate  has  the  flavour  of  apricots. 


UNSATURATED  COMPOUNDS 

We  have  already  seen  that  when  one  molecule  of  water 
is  removed  from  two  molecules  of  alcohol,  ether  results.  For 
this  purpose  ethylsulphuric  acid  is  heated  with  alcohol  to  140°. 
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If  however  this  acid  is  heated  without  alcohol  to  a  higher 
temperature  it  decomposes  according  to  the  equation  : 

C2H5 .  HS04  =  H2S04  +  C2H4 

and  the  hydrocarbon  ethylene  is  given  off.  To  some  extent 
the  sulphuric  acid  acts  as  a  catalyst,  for  it  is  reformed,  but 
at  the  high  temperature  (i8o°)  it  also  acts  as  an  oxidising 
agent  and  much  charring  and  frothing  occur.  Syrupy 
phosphoric  acid  may  be  used  instead  and  does  not  oxidise. 
By  passing  alcohol  vapour  over  heated  kaolin  (aluminium 
silicate)  a  purely  catalytic  decomposition  is  achieved. 

C2H5.OH  =  C2H4  +  H20 

Ethylene  may  also  be  prepared  by  acting  on  ethyl  bromide  with 
alcoholic  potash  (aqueous  potash  on  the  other  hand  hydrolyses 
to  alcohol). 

C2H5Br  +  KOH  =  C2H4  +  KBr  +  H20 

Ethylene  burns  with  a  luminous  flame  and  is  present  in  coal 
gas,  contributing  largely  to  its  luminosity.  It  has  been  used 
in  medicine  as  an  inhalation  anaesthetic  (p.  46). 

The  structural  formula  of  ethylene  presents  a  novel  feature. 
We  might  write  it 

H  H 
C— C 
H  H 

but  this  represents  both  carbon  atoms  as  trivalent.  It  is 
therefore  usual  to  write  a  “double  bond”: 

H  BI 

C=C  or  H2C:CH, 

H  H 

Whatever  theory  is  adopted,  ethylene  differs  entirely  from 
ethane  in  its  behaviour  to  various  reagents,  for  instance  to 
chlorine.  Ethane  is  only  attacked  slowly,  in  sunlight,  by 
substitution  ;  hydrogen  must  first  be  removed  before  chlorine 
can  enter.  Ethylene,  on  the  other  hand,  adds  two  chlorine 
atoms  with  the  greatest  readiness,  and  without  the  removal 
of  hydrogen  as  hydrochloric  acid. 

H  H  H  Id 

C=C  +  Cl2  =  C1C— CC1 
H  H  H  H 
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A  liquid  insoluble  in  water  is  formed,  an  oil.  Hence  ethylene 
was  at  one  time  called  olefiant  (oil  making)  gas,  and  similarly 
constituted  compounds  with  a  double  bond  are  known  as 
olefines.  The  fact  that  chlorine  is  taken  up  so  readily,  is 
also  expressed  by  applying  the  term  “  unsaturated  ”  to  such 
compounds. 

We  have  already  met  with  a  double  bond  between  carbon 
and  oxygen  in  the  carbonyl  radicle,  and  have  seen  that  owing 
to  this  bond,  aldehydes  readily  form  addition  and  polymerisa¬ 
tion  products.  It  was  then  pointed  out  that  a  double  bond 
imposes  a  certain  strain  on  the  molecule,  since  the  valencies 
of  carbon  are  arranged  at  an  angle  to  each  other.  The  strain 
may  be  compared  to  that  existing  in  a  hoop  of  whale-bone, 
which  when  cut,  will  straighten  out.  The  addition  of  chlorine 
to  ethylene  releases  this  strain. 


H2CCCH2  +  Cl2  = 


h2c— ch2 

Cl  Cl 


Hence  a  “double  bond  ”  is  not  a  source  of  strength,  but  rather 
of  weakness.  The  following  groups  of  atoms  may  be  added 
to  a  double  bond  : 

(1)  Two  hydrogen  atoms,  either  nascent  or  sometimes  in 
the  form  of  molecular  hydrogen.  In  the  case  of  ethylene 
this  yields  ethane. 

CH2:CH2  +  2H  =  CH3.CH3 

(2)  Two  atoms  of  halogen,  chiefly  chlorine  or  bromine. 
Thus  ethylene,  passed  through  or  shaken  with  bromine  water, 
decolorises  it,  forming  ethylene  dibromide,  C2H4Br2.  The 
absorption  of  bromine,  without  the  production  of  hydrobromic 
acid,  is  a  criterion  of  unsaturation. 

(3)  One  hydrogen  and  one  halogen  atom,  as  halogen  acid. 

CH2 :  CH2  +  HI  =  CHo .  CHJ 

(4)  One  halogen  and  one  hydroxyl,  e.g.  from  hypochlorous 
acid. 

CH2 :  CH2  +  HOC1  -  CH2OH  .  CH2C1 

(5)  Fuming  sulphuric  acid  dissolves  ethylene  and  forms 
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ethyl  hydrogen  sulphate,  which  after  dilution  with  water  can 
be  hydrolysed  to  alcohol. 

CH2 :  CH2  +  HOSOgH  =  CH3 .  CH2 .  O  .  S03H 
CH3 .  CH2 .  O  .  SOsH  +  2 NaOH  =  CH3.  CH20H  +  Na2S04  +  H20 

This  amounts  therefore  to  the  addition  of  hydrogen  A  hydroxyl 
to  the  double  bond,  and  to  a  synthesis  of  alcohol,  since  ethylene 
can  be  made  from  its  elements.  In  this  way  alcohol  can  be 
obtained  from  coke-oven  gas. 

(6)  Addition  of  two  hydroxyls,  by  treatment  with  alkaline 
permanganate. 

CH2:CH2  +  H20  +  O  =  HOCH2.CH2OH 

Cold  dilute  potassium  permanganate,  made  slightly  alkaline 
with  sodium  carbonate,  is  not  reduced  by  saturated  substances 
and  is  therefore  a  reagent  for  a  double  bond.  (Baeyer’s  test.) 

(7)  Ozone  adds  itself  to  a  double  bond  bodily. 

CH2 :  CH2  +  03  =  H2.C - CH2 

0.0.0 

This  is  the  reason  why  ozone  is  taken  up  by  turpentine,  an 
unsaturated  hydrocarbon. 

(8)  Unsaturated  compounds  may  add  molecules  of  the  same 
kind,  and  polymerise.  This  is  analogous  to  the  polymerisation 
of  acetaldehyde  to  paraldehyde  (p.  22),  and  of  formaldehyde 
to  polyoxymethylenes  (p.  33).  India-rubber  is  formed  by  the 
polymerisation  of  an  unsaturated  hydrocarbon  (C5H8 ;  since  it 
contains  four  hydrogen  atoms  less  than  pentane  C5H12  there 
are  two  double  bonds). 

CH3 

HoC  :  C  .  CH  :  CH2  (C6H8)„ 

The  preparation  of  artificial  rubber  depends  on  a  similar 
reaction. 

Acetylene,  C2H2,  is  even  more  unsaturated  than  ethylene ; 
in  order  to  represent  its  structure  we  must  have  recourse  to  a 
treble  bond,  HC  =  CH.  It  is  prepared  by  the  action  of  water 
on  calcium  carbide,  which  consequently  must  have  the  formula 
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CaC2  (a  formula  with  normal  valencies  such  as  Ca2C  would  lead 
to  methane  ;  this  is  the  case  with  aluminium  carbide,  A14C3, 
p.  42).  We  may  represent  the  reaction  as  follows  : 

/C  CH 

Cay  HI  +  2H90  =  HI  +  Ca(OH)2 

x:  "  ch 

A  more  direct  synthesis  of  acetylene  from  its  elements 
has  long  been  known  and  utilises  the  very  high  temperature 
of  an  electric  arc ;  carbon  poles  are  used  in  a  hydrogen 
atmosphere.  Some  acetylene  is  also  formed  in  the  distillation 
of  coal,  so  that  it  occurs  in  coal  gas.  A  very  high  temperature 
(over  2000°)  is  necessary  to  synthesise  acetylene  and  calcium 
carbide,  because  these  compounds  are  endothermic  Heat 
(energy)  is  absorbed  in  straining  two  carbon  atoms  to  unite 
by  three  valencies.  When  acetylene  burns,  this  extra  heat 
is  again  given  out,  in  addition  to  the  heat  of  combustion  of 
the  carbon  and  hydrogen.  Hence  an  oxy-acetylene  flame  is 
extremely  hot  and  is  much  used  for  cutting  through  steel.  But 
since  acetylene  is  endothermic,  a  slight  decomposition  brought 
about  by  an  electric  spark  or  by  shock  liberates  heat  even 
without  combustion,  and  if  greatly  compressed  the  whole 
quantity  may  decompose  explosively  into  carbon  and  hydrogen. 
The  danger  is  lessened  by  dissolving  the  gas  under  moderate 
pressure  in  acetone.  Acetylene  furnishes  a  brilliant  flame 
but  requires  special  burners  in  order  to  dispose  of  all  the 
carbon  and  avoid  the  formation  of  smoke.  The  production  of 
acetylene  at  a  higher  temperature  under  atmospheric  pressure 
should  be  compared  with  the  “  liquefaction  ”  of  coal  in  which 
carbon  and  hydrogen  are  made  to  combine  at  a  comparatively 
low  temperature  under  an  enormous  pressure,  i.e.y  at  high 
concentration  of  hydrogen.  Acetylene  can  be  prepared  in 
the  laboratory  in  much  the  same  way  as  ethylene,  by  acting 
with  alcoholic  potash  on  ethylene  dibromide. 

C2H4Br2  +  2KOH  =  CH  ;  CH  +  2KBr  +  2H20. 

The  unsaturation  is  shown  by  reactions  similar  to  those  of 
ethylene.  Since  each  carbon  atom  has,  as  it  were,  two  spare 
bonds,  four  halogen  atoms  can  be  added.  Acetylene  tetra¬ 
chloride  or  tetrachlorethane,  C12HC.CHC12,  is  used  industrially 
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as  a  solvent,  and  has  caused  poisoning,  as  does  carbon  tetra¬ 
chloride  (see  p.  47). 

The  addition  of  water  to  acetylene  (catalysed  by  mercuric 
salts  dissolved  in  sulphuric  acid)  is  of  considerable  industrial 
importance  as  a  synthesis  for  acetaldehyde,  which  may  be 
readily  oxidised  to  acetic  acid,  and  (less  readily)  reduced  to 
ethyl  alcohol. 

CH  i  CH  +  H20  =  CH3.  CHO. 

When  acetylene  is  passed  through  ammoniacal  cuprous  chloride 
or  silver  chloride,  highly  explosive  precipitates  are  produced, 
the  so-called  acetylides,  which  are  in  reality  carbides  analogous 
to  that  of  calcium.  Copper  acetylide  is  a  red  compound,  and 
can  serve  for  the  detection  of  the  small  quantity  of  acetylene 
formed  in  a  Bunsen  burner  which  has  struck  back. 

Although  analogues  of  ethylene,  with  a  double  bond,  are 
common  in  nature,  acetylene  analogues  do  not  seem  to  occur ; 
the  treble  bond  has  a  theoretical  and  industrial,  but  not  a 
biological  interest. 

GLYCOL  AND  GLYCEROL 

When  ethyl  alcohol  is  oxidised,  the  reaction  proceeds  on 
the  carbon  atom  already  hydroxylated,  so  that  we  cannot 
directly  introduce  a  second  hydroxyl  group  on  the  other  carbon 
atom.  We  can  do  this,  however,  via  ethylene  ;  after  dehydrating 
the  alcohol  to  an  unsaturated  hydrocarbon,  halogen  can  be 
attached  equally  to  both  carbon  atoms.  Ethylene  dibromide  is 
a  double  ester  of  hydrobromic  acid,  and  when  it  is  hydrolysed 
by  boiling  aqueous  potassium  carbonate,  a  “double”  alcohol 
results  : 

BrCH2.CH2Br  +  K2C03  +  H20  =  HO. CH2 .  CH2. OH  +  2KBr  +  C02. 

This  new  dihydroxy-ethane  has  the  hydroxyls  on  different 
carbon  atoms  and  is  therefore  quite  stable.  It  is  a  viscous 
liquid,  called  glycol,  on  account  of  its  sweetish  taste  (Gk. 
glukus ,  sweet).  Just  as  the  boiling  point  of  ethane  is  very 
much  raised  by  the  introduction  of  one  hydroxyl  group,  so 
in  glycol  the  boiling  point  of  alcohol  is  raised  still  further  (to 
200°).  The  second  hydroxyl  also  greatly  increases  the 
similarity  to  water,  so  that  glycol  is  hygroscopic  and  miscible 
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with  water  in  all  proportions,  but  hardly  soluble  in  ether. 
Ethyl  alcohol  is  to  some  extent  a  fat  solvent,  glycol  not  at  all. 
The  alcohols  with  two  hydroxyl  groups  are  termed  dihydric ; 
they  form  double  esters,  eg.  a  diacetate  ;  they  can  be  oxidised 
to  a  dialdehyde  and  finally  to  a  dicarboxylic  acid  ;  glycol  thus 
ultimately  furnishes  HOOC.COOH  (oxalic  acid). 

With  concentrated  hydrochloric  acid  at  a  high  temperature 
the  double  ester  ethylene  dichloride  is  formed,  but  at  ioo°  an 
intermediate  compound  results,  ethylene  chlorhydrin,  which 
is  both  an  alcohol  and  an  ester. 


HO.CH2.CH2.OH  +  HCl 


H0.CH2.CH2C1  +  H20. 


This  substance  can  also  be  made  by  the  addition  of  hypo- 
chlorous  acid  to  ethylene  (p.  62,  reaction  4). 

Ethylene  chloride  is  isomeric  with  another  dichloro-ethane 
in  which  the  chlorine  atoms  are  attached  to  the  same  carbon 
atom  ;  when  this  is  boiled  with  water,  both  chlorine  atoms  are 
replaced  by  hydroxyl  groups,  which  then  lose  a  molecule  of 
water,  so  that  acetaldehyde  results. 


H 

CH3.C< 


Cl 

Cl 


H.,0 
— > 


H  * 
CHS.C< 


OH 

OH 


H 

>  CHs.C:0. 


This  asymmetrical  dichloro-ethane  is  called  ethylidene  chloride  ; 
it  can  be  obtained  from  acetaldehyde  by  the  action  of  phos¬ 
phorus  pentachloride,  and  is  reconverted  into  the  aldehyde  by 
hydrolysis. 


The  most  important  alcohol  with  more  than  one  hydroxyl 
group  (polyhydric  alcohol)  is  glycerine  or  trihydroxypropane. 

H 

HOCII2.C.CH,OH 

O 

H 

The  three  hydroxy  groups  must  all  be  attached  to  different 
carbon  atoms,  for  otherwise  an  aldehyde,  ketone  or  acid  would 
result  by  loss  of  water.  In  order  to  express  its  relationship 
to  alcohol,  it  is  often  called  glycer^/  (the  ending  me  is  preferably 
restricted  to  basic  substances).  A  knowledge  of  its  constitu¬ 
tional  formula  will  at  once  suggest  some  of  its  properties.  It 
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contains  a  greater  proportion  of  hydroxyl  groups  than  ethyl 
alcohol  and  hence  not  only  mixes  with  water  in  all  proportions, 
but  is  hygroscopic.  On  this  property  some  of  its  applications 
depend,  for  instance  its  use  in  the  preservation  of  histological 
sections  and  anatomical  preparations,  and  its  use  in  external 
medication.  Thus  it  is  not  very  efficacious  to  treat  certain 
fungal  skin  diseases  with  an  aqueous  solution  of  corrosive 
sublimate,  which  does  not  penetrate  readily  into  the  skin, 
and  soon  evaporates,  leaving  the  sublimate  on  the  surface.  But 
when  a  dilute  mercuric  chloride  solution  is  mixed  with  glycerol, 
the  latter  remains  behind  and  carries  the  disinfectant  into  the 
skin.  On  the  other  hand  strong  glycerol  is  irritating  or  painful 
on  a  wound,  because  it  abstracts  water  from  the  tissues.  The 
latter  property  is  used  preparatively  in  the  extraction  of 
enzymes  and  other  substances  from  minced  organs.  As  the 
name  implies,  glycerol  has  a  sweetish  taste  (compare  glycol 
and  the  sugar  glucose  which  are  also  polyhydric  alcohols  and 
sweet).  Whilst  the  monohydroxypropanes  (normal  and  iso¬ 
propyl  alcohol)  have  boiling  points  but  little  superior  to  that 
of  ethyl  alcohol,  the  replacement  of  additional  hydrogen  atoms 
by  hydroxyl  groups  raises  the  boiling  point  considerably. 
Hence  glycerol  boils  at  a  high  temperature  (290°),  so  high  that 
a  certain  amount  of  decomposition  is  apt  to  occur.  In  order 
to  purify  glycerol  completely  the  boiling  point  must  be  lowered 
by  reducing  the  pressure.  By  so-called  vacuum  distillation, 
for  instance  in  a  partial  vacuum  of  10  mm.,  obtainable  by  a 
good  filter  pump,  glycerol  can  be  distilled  at  163°  without 
decomposition.  Quite  pure  glycerine  is  actually  a  solid  at 
room  temperature,  but  the  crystals  are  a  chemical  rarity,  for 
the  liquid  can  be  supercooled  even  much  more  than  glacial 
acetic  acid,  which  has  about  the  same  melting  point  (170). 
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The  constitutional  formula  indicates  that  glycerol  must  be 
capable  of  forming  esters  with  three  molecules  of  a  monobasic 
acid.  Such  esters  with  acids  containing  a  long  chain  of  carbon 
atoms  (palmitic,  stearic  and  oleic)  are  of  the  utmost  biological 
importance,  for  they  are  the  chief  constituents  of  animal  and 
vegetable  fats  and  oils. 


H 

HC .  O .  CO .  ch2.  ch2.  ch2.  ch2.  ch2.  ch2.  ch2.  ch2.  ch2.  ch2.  ch2.  ch2.  ch2.  CH2.  ch 

HC .  O .  CO .  CH2.  CH2.  CH2.  CH2.  CIJ2.  CH2.  CH2.  CH2.  CH2.  CHo.  CH2.CH2.CH2.CH2.CH 

HC .  O .  CO .  CH2.  CH2.  CH9.  CH2.  CH2.  CH2.  CHo.  CH2.  CHo.  CH.;,.  CH2.  CH2.  CH2.  CH2.  CH 
H 

Tripalmitin,  C51H9806 


The  above  formula  has  been  printed  in  full  in  order  to 
emphasise  the  resemblance  to  the  paraffins;  that  it  represents 
the  constitution  of  the  fat  tripalmitin  results  inter  alia 
from  the  synthesis,  by  the  action  of  tribromopropane, 
CH.,Br .  CHBr .  CH2Br,  on  three  molecules  of  silver  palmitate, 
AgOOC .  C15H31.  Compare  the  analogous  synthesis  of  ethyl 
acetate,  p.  27. 

The  state  of  aggregation  of  a  fat  is  largely  determined  by 
the  relative  proportions  of  the  glycerides,  tristearin,  tripalmitin 
and  triolein.  Of  these  tristearin,  C3H.(0  .  CO  .  Cl7H35)3,  has  the 
highest  melting  point  (7 2°) ;  it  is  the  principal  constituent  of 
mutton  fat  (roast  mutton  should  be  served  on  really  hot  plates  !). 
As  was  shown  (p.  57),  palmitic  acid,  C15H31 .  COOH,  is  a  lower 
homologue  of  stearic  with  two  carbon  atoms  less,  so  that 
tripalmitin  contains  six  carbon  atoms  less  than  tristearin  and 
melts  at  a  somewhat  lower  temperature  (62°). 

Oleic  acid  belongs  to  a  different  series ;  it  has  the  same 
number  of  carbon  atoms  as  stearic,  but  two  hydrogen  atoms 
less,  and  hence  the  formula  C17H33 .  COOH.  Like  ethylene, 
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it  is  an  unsaturated  derivative.  The  three  double  bonds  in 
triolein  greatly  lower  the  melting  point,  as  compared  with 
tristearin,  so  that  triolein  is  a  liquid  at  room  temperature 
(it  melts  at  —6°).  The  melting  point  of  fats  and  oils  is  chiefly 
determined  by  their  content  of  triolein ;  beef  suet  contains 
about  25  per  cent.,  olive  oil  about  75  per  cent,  of  triolein. 
Lard  (from  pigs)  and  human  fat  is  intermediate;  the  latter  is 
liquid  at  body  temperature.  Cold  blooded  animals  have 
(naturally)  a  still  larger  proportion  of  triolein  (compare  fish  oils). 

Some  fatty  acids  contain  more  than  one  double  bond  ;  their 
glycerides  occur  for  instance  in  linseed  oil ;  by  exposure  to  the 
air  such  oils  become  oxidised  at  their  double  bonds  and  solidify  ; 
this  reaction  brings  about  the  “drying”  of  paint.  The  degree 
of  unsaturation  of  fats  and  oils  can  be  ascertained  by  finding 
how  much  iodine  they  absorb  at  their  double  bonds  (iodine 
number).  The  unsaturation  can  of  course  also  be  abolished 
by  reduction;  this  “hardening”  of  fatty  oils  is  an  important 
industrial  process  and  is  carried  out  by  blowing  hydrogen 
through  them  at  a  high  temperature,  in  the  presence  of  finely 
divided  nickel,  which  acts  as  a  catalyst.  In  this  way  triolein 
is  converted  into  tristearin,  by  taking  up  three  molecules  of 
hydrogen,  and  margarine  is  produced  from  liquid  fats. 

Important  industries  are  also  concerned  with  the  hydrolysis 
of  fats ;  this  may  be  brought  about  by  superheated  steam,  when 
glycerol  and  a  mixture  of  fatty  acids  result.  The  former  is 
separated  by  its  solubility  in  water  and  is  purified  by  distilla¬ 
tion  ;  it  is  used  to  some  extent  as  such,  for  instance  in  pharmacy, 
but  chiefly  for  making  nitroglycerine,  a  constituent  of  various 
explosives.  A  mixture  of  palmitic  and  stearic  acids  constitutes 
“palmitin”  or  “stearin”  candles  (old-fashioned  tallow  candles 
consisted  of  fat,  not  of  free  acid  ;  wax  candles  are  composed  of 
the  ester  of  a  higher  monohydric  alcohol  and  paraffin  candles 
are  made  up  of  hydrocarbons  ;  arrange  these  four  varieties  in 
order  of  their  oxygen  content). 

The  hydrolysis  of  fats  is  also  brought  about  industrially 
by  heating  with  dilute  sulphuric  acid  or  with  alkalies,  or  by 
treatment  with  a  fat-splitting  enzyme  (lipase)  from  the  castor- 
oil  bean.  The  hydrolysis  with  caustic  soda  yields  at  once  a 
mixture  of  sodium  salts,  constituting  ordinary  soap  (soft  soap  is 
composed  of  potassium  salts).  By  boiling  a  fat  or  fatty  oil 
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with  sodium  hydroxide  a  solution  is  obtained,  from  which  the 
soap  may  be  precipitated  by  adding  common  salt  or  brine. 
“  Salting  out  ”  is  essentially  a  physical  process ;  soaps  are 
composed  of  two  ions  of  very  different  size  and  are  semi¬ 
colloids;  the  sodium  (and  potassium)  salts  of  the  fatty  acids 
are  soluble  in  pure  water,  but  like  other  colloids,  they  are 
precipitated  by  a  high  concentration  of  a  neutral  salt.  Sus¬ 
ceptibility  to  electrolytes  is  a  quite  general  characteristic  of 
colloidal  solutions;  some,  like  gold  sols  or  dialysed  ferric 
hydroxide,  are  precipitated  by  low  concentrations  of  salt ; 
others,  like  proteins  or  soaps,  require  a  high  concentration. 

Since  fats  are  insoluble  in  water  it  is  convenient  to  hasten 
their  hydrolysis  in  the  laboratory  by  using  alcoholic  sodium 
hydroxide.  The  process  of  making  soap,  or  saponification,  is 
therefore  essentially  the  hydrolysis  of  a  fat  by  alkali ;  in  the 
language  of  organic  chemistry  the  term  saponification  is  often 
extended  to  other  hydrolytic  processes,  such  as  the  hydrolysis 
of  a  simple  ester  like  ethyl  acetate,  or  even  to  that  of  an  amide 
or  nitrile  which  also  yields  a  salt  of  a  fatty  acid.  Similarly  the 
term  soap,  which  in  daily  life  means  the  sodium  (or  sometimes 
the  potassium)  salt  of  a  higher  fatty  acid,  has  been  extended  to 
other  salts  of  these  acids,  insoluble  in  water  and  useless  for 
washing.  The  most  familiar  of  these  are  calcium  and  magnesium 
“soaps,”  which  are  formed  as  a  white  curdy  precipitate  when 
hard  water  is  used  for  washing,  eg. 

Ca(HC03)2  +  2NaOOC.CirH35  =  2NaHC03  +  Ca(OOC .  C17H35)2 

It  is  only  when  all  the  calcium  has  been  precipitated  that  the 
excess  of  sodium  soap  can  remain  in  solution,  form  a  lather  and 
become  available  for  washing  purposes.  This  state  of  affairs  is 
utilised  in  Clark’s  soap  test,  in  which  the  hardness  of  water  is 
determined  by  titration  with  a  soap  solution  until  the  mixture, 
after  shaking,  forms  a  permanent  froth.  The  soap  solution  is 
standardised  against  a  dilute  calcium  chloride  solution  of  known 
strength. 

Calcium  soaps  are  formed  to  some  extent  during  the 
digestion  of  fats  in  the  intestine,  and  form  a  constituent  of  the 
feces.  On  hydrolysis  of  fats  with  lead  oxide  lead  soaps  are 
produced  ;  they  are  used  in  medicine  as  plasters. 

Since  the  higher  fatty  acids  are  excessively  weak  (a  candle 
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has  no  sour  taste),  their  sodium  salts  undergo  hydrolysis  in 
water  and  form  somewhat  alkaline  solutions.  The  utilisa¬ 
tion  of  soap  for  washing  depends  hardly  on  this  liberation  of 
alkali,  however,  but  on  the  power  of  the  unhydrolysed  salt  to 
emulsify  grease  and  form  suspensions  of  insoluble  particles. 
This  property  of  soaps  to  form  emulsions  of  fat  plays  an 
important  part  in  digestion  ;  as  soon  as  the  pancreatic  lipase, 
acting  in  a  slightly  alkaline  medium,  has  hydrolysed  some  fat 
to  soap,  this  soap  serves  to  emulsify  the  rest  of  the  fat,  divide  it 
into  minute  droplets  and  make  it  more  readily  digestible. 

Hydrolysis  of  fat  may  be  brought  about  by  bacteria  and  in 
this  way  rancidity  is  produced.  In  the  case  of  butter  fat,  which 
is  peculiar  in  containing  a  certain  proportion  of  the  glycerides 
of  the  lower  fatty  acids  (butyric,  hexoic,  octoic),  these  acids  are 
themselves  sufficiently  volatile  to  cause  an  (unpleasant)  odour. 
The  analytical  distinction  of  butter  from  margarine  depends 
on  the  volatile  fatty  acids,  which  can  be  obtained  from  butter 
and  are  absent  from  margarine;  the  amount  of  these  lower 
fatty  acids  is  such  that  if  they  were  all  present  as  tributyrin, 
butter  would  contain  about  5  per  cent,  of  this  glyceride. 

Two  classes  of  substances  bear  a  certain  resemblance  to  the 
fats  :  the  waxes  and  the  lipoids.  As  was  pointed  out  (on  p.  58) 
the  former  are  esters  of  high  monohydric  alcohols  and  higher 
fatty  acids  ;  the  latter  are  a  heterogeneous  group,  resembling 
the  fats  in  their  solubility  in  ether ;  they  will  be  dealt  with 
later  (p.  235). 

OTHER  ESTERS  OF  GLYCEROL 

The  fats  are  by  far  the  most  important  esters  of  glycerol, 
and  indeed  almost  the  only  source  of  the  latter.  Two  further 
esters,  with  inorganic  acids,  may  be  mentioned  here. 

Glyceryl  trinitrate,  C3H5(0N02)3,  is  known  as  “nitro¬ 
glycerin”;  its  manufacture  on  a  very  large  scale  (Nobel)  uses 
up  most  of  the  glycerol  produced  in  soap  works.  It  is  prepared 
by  slowly  dropping  glycerol  into  a  well-cooled  mixture  of 
fuming  nitric  acid  with  2-4  parts  of  concentrated  sulphuric  acid. 
An  ester  of  glycerol  from  three  molecules  of  nitric  acid  is 
formed,  and  the  sulphuric  acid  serves  to  abstract  water  (as  in 
other  esterification  processes)  and  to  moderate  the  reaction  by 
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dilution.  Finally,  the  mixture  is  run  into  cold  water  when  the 
glyceryl  trinitrate  separates  as  a  heavy  oil.  The  name  nitro¬ 
glycerin  is  inaccurate,  for  this  nomenclature  is  reserved  for 
substances  having  the  nitro  group,  N02,  directly  joined  to 
carbon,  as  for  instance  in  nitrobenzene  and  trinitrotoluene 
(see  p.  192).  Such  true  nitro-compounds  are  not  hydrolysed  by 
alkali  whereas  glyceryl  trinitrate,  being  an  ester,  is  hydrolysed 
at  the  bridge  oxygen  atoms  to  glycerol  and  a  nitrate. 

H2C .  O .  N02  h2coh 

HC  O.N02  +  3KOH  =  HCOH  +  3K0N02. 

h2c.o.no2  h2coh 

Glyceryl  trinitrate  and  erythrol  tetranitrate  (erythrol  is 
tetrahydroxy  normal  butane)  are  used  in  medicine  for  the  same 
purpose  as  the  esters  of  nitrous  acid  mentioned  on  p.  59.  It 
would  appear  that  the  ethereal  nitrates  are  changed  to  nitrites 
by  reduction  in  the  organism. 

Apart  from  this  slight  medicinal  use,  “  nitroglycerin  ”  is 
very  largely  employed  as  an  explosive,  chiefly  in  mines  for 
blasting.  The  essential  feature  of  an  explosion  is  the  sudden 
production  of  a  large  quantity  of  gas  from  a  solid  or  liquid 
confined  in  a  small  space.  The  reaction  is  most  frequently 
a  combustion.  Nowadays  free,  liquid  oxygen  is  sometimes 
employed,  mixed  with  charcoal  or  other  combustible  substance. 
Usually,  however,  the  oxygen  is  present  as  a  compound,  for 
instance  in  ordinary  gunpowder  the  oxygen  is  supplied  by 
potassium  nitrate,  which  oxidises  the  other  constituents  (charcoal 
and  sulphur).  Glyceryl  trinitrate  is  an  example  of  an  explosive 
in  which  the  oxygen  and  carbon  are  in  the  same  molecule. 
When  once  the  reaction  starts,  the  heat  produced  makes  it  go 
on  with  great  rapidity,  and  a  large  volume  of  hot  gas  (carbon 
monoxide,  carbon  dioxide,  nitrogen,  hydrogen)  is  suddenly 
liberated  under  great  pressure ;  1  gram  of  ordinary  gunpowder 
produces  about  280  c.c.  of  gas,  1  gram  of  gun-cotton  780  c.c., 

1  gram  of  nitroglycerin  6500  c.c.  “  Nitroglycerin  ”  by  itself 
explodes  too  readily  and  is  dangerous.  It  can  be  stabilised 
by  mixing  with  other  substances.  Dynamite  is  a  comparatively 
safe  mixture  of  nitroglycerin  and  diatomaceous  earth.  The 
latter  consists  of  the  box-like  siliceous  exoskeletons  of  fossil 
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diatoms,  in  the  minute  cavities  of  which  the  liquid  nitroglycerine 
is  retained.  (Bromine  and  diatomaceous  earth  similarly  yield 
“solid  bromine.”)  Intimate  mixtures  of  glyceryl  trinitrate 
with  gun-cotton  (cellulose  nitrate),  formed  by  evaporating 
a  solution  of  the  two  constituents  in  acetone,  are  also  much 
more  stable  than  nitroglycerin  by  itself.  Blasting  gelatine  and 
cordite  belong  to  this  category ;  the  latter  is  so  called  because 
the  mixture  is  formed  into  threads  or  cords  before  it  has  set. 
It  will  be  readily  seen  from  the  formula  that  nitroglycerin 
(and  also  gun-cotton)  contain  enough  oxygen  for  the  complete 
combustion  of  the  carbon,  so  that  no  smoke  is  produced 
(smokeless  powder). 


Glycerophosphoric  acid  is  an  ester  formed  from  one  molecule 
each  of  the  alcohol  and  the  acid. 


H.COH 

HCOH 


H2C  .  O— P 
O 


/OH 

Ah 


Like  ethylsulphuric  acid,  it  is  an  acid  as  well  as  an  ester.  It 
is  formed  by  the  partial  hydrolysis  of  the  more  complicated 
ester  lecithin  (p.  235),  a  constituent  of  nervous  tissue,  egg  yolk, 
etc.  Natural  glycerophosphoric  acid,  thus  obtained,  is  optically 
active,  which  can  only  be  the  case  if  the  phosphoric  acid  group 
is  united  to  one  of  the  end  carbon  atoms  (as  in  the  above 
formula)  and  not  to  the  middle  one.  By  the  addition  of 
phosphoric  acid  to  one  end  of  the  molecule,  the  symmetry  of 
glycerol  is  abolished  (pp.  82,  83).  Free  glycerophosphoric  acid  is 
hydrolysed  by  boiling  water,  as  are  its  salts  in  acid  solution,  but 
in  alkaline  solution  the  latter  are  fairly  stable.  They  are  not  pre¬ 
cipitated  by  magnesia  mixture,  nor  by  the  ammonium  molybdate 
reagent  in  the  cold.  On  boiling  hydrolysis  occurs,  as  in  the  case 
of  the  salts  of  ethylsulphuric  acid.  Optically  inactive  glycero¬ 
phosphoric  acid  is  prepared  from  anhydrous  glycerol  and 
metaphosphoric  acid. 
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FURTHER  EXAMPLES  OF  UNSATURATED 

COMPOUNDS 

The  examples  of  this  class  so  far  encountered  are  ethylene 
and  oleic  acid.  Ethylene  is  the  simplest  member  of  a  series 
of  hydrocarbons,  C^H2w,  differing  by  two  hydrogen  atoms  from 
members  of  the  paraffin  series  which  they  closely  resemble  in 
physical  properties.  Since  the  addition  of  two  chlorine  atoms 
to  the  double  bond  produces  an  oily  liquid  (ethylene  =  olefiant 
gas)  the  whole  group  is  called  the  olefine  series,  of  which 
propylene  CH2:CH.CH3  is  another  example.  There  is  no 
olefine  corresponding  to  methane;  methylene  is  not  the  name 

of  a  substance,  but  of  the  bivalent  radicle  CH2<^.  This  is 

no  more  capable  of  separate  existence  than  the  methyl  radicle 
CHS-,  but  can  exist  in  combination,  eg,  in  methylene  chloride, 
CH2C12,  or  dichloromethane,  and  in  methylene  oxide,  CH20,  or 
formaldehyde.  Hence  the  simplest  unsaturated  hydrocarbon 
has  two  carbon  atoms ;  the  simplest  unsaturated  alcohol  is 
CH2:CHOH,  but  unsaturated  aldehydes  and  acids  must  have 
at  least  three  carbon  atoms  (why  ?). 

Acrolein  or  acrylic  aldehyde,  CH2:CH.CHO,  is  produced 
by  heating  glycerol  with  concentrated  sulphuric  acid  or  potassium 
hydrogen  sulphate.  This  dehydration  is  represented  by  the 
equation  : 

C3H803  -  2H20  =  CH2 :  CH  .  CHO 

Acrolein  is  a  volatile  liquid  (b.p.  5 2°)  which  readily  reduces 
ammoniacal  silver  nitrate.  Its  name  is  due  to  its  most 
characteristic  property,  an  extremely  pungent  odour  (L.  acer, 
pungent).  The  pungency,  shared  by  formaldehyde  and  to  a 
slight  extent  by  acetaldehyde,  is  here  intensified  by  the  double 
bond. 

Since  fats  undergo  hydrolysis,  they  too  yield  acrolein  on 
heating  with  sulphuric  acid,  and  traces  of  acrolein  are  even 
formed  on  heating  glycerol  and  fats  by  themselves  (odour  of 
fried  fish  shops).  Acrylic  acid,  CH2:CH.COOH,  is  the  first 
oxidation  product  of  acrolein,  and  the  simplest  unsaturated  acid, 
a  lower  homologue  of  oleic. 

Allyl  alcohol,  CH2 :  CH  .  CH2OH,  corresponds  to  acrolein  but 
cannot  be  made  from  it,  for  on  reduction  the  double  bond 
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between  two  carbon  atoms  is  attacked  before  that  of  the 
aldehyde  group.  The  ally  1  radicle,  CH2:CH.CHy,  occurs  in 
a  number  of  volatile  natural  products,  such  as  oil  of  garlic 
(in  onions,  see  p.  ioi),  mustard  oil  and  oil  of  cloves  (p.  185), 
which  all  have  pungent  properties. 

MONOBASIC  HYDROXY  ACIDS 

In  glycol  we  encountered  a  substance  with  two  alcoholic 
hydroxyls.  If  one  of  these  is  oxidised  we  obtain  first  a 
substance  which  is  partly  an  alcohol,  partly  an  aldehyde, 
glycollic  aldehyde,  and  then  one  which  is  both  an  alcohol  and 
an  acid. 

CH2OH  CH2OH  CH2OH 

- >-  |  “  - >-  | 

CHoOH  CHO  COOH 

Glycol  Glycollic  aldehyde  Glycollic  acid. 

Glycollic  (hydroxy-acetic)  acid  is  more  readily  prepared  by 
boiling  the  potassium  salt  of  monochloracetic  (p.  50)  with 
water  or  alkali ;  the  chlorine  is  replaced  by  hydroxyl  (the  ester 
of  hydrochloric  acid  is  hydrolysed). 


C1CH2.C00K 

+ 

H20  -  HOCH2 .  COOH  +  KC1 

Since  glycollic  acid 

is 

also  a  primary  alcohol, 

it  can  be  still 

further  oxidised,  to 

an  aldehvde-acid  and 
✓ 

finally  to  a 

dibasic  acid. 

ch2oh 

CHO 

COOH 

-> 

- ^ 

COOH 

COOH 

COOH 

Glycollic  acid 

Glyoxylic  acid 

Oxalic  acid. 

There  are,  of  course,  hydroxy-acids  derived  from  all  the 
homologues  of  acetic,  and  when  we  come  to  consider  the 
introduction  of  (chlorine  and)  hydroxyl  into  propionic  acid, 
we  see  that  there  are  two  possibilities  : 

P  CH3  ch2oh 

•  • 

a  HCOH  and  CH2 

COOH  COOH 

a-Hydroxypropionic  acid  /3-Hydroxypropionic. 

The  hydroxyl  group  may  be  attached  to  either  of  the  two 
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carbon  atoms  outside  the  carboxyl  group.  In  the  same  way 
there  are  three  monohydroxy  normal  butyric  and  fifteen 
monohydroxy  palmitic  acids.  In  order  to  name  them,  the 
carbon  atoms  are  distinguished  by  Greek  letters;  since  no 
replacement  can  occur  in  the  carboxyl  group,  we  begin  with 
the  carbon  atom  adjoining  it  (a) ;  thus  for  butyric  acid  : 

HOOC.CH2.CH2.CH3 
«  P  y 

Of  the  two  monohydroxy-propionic  acids,  the  a-derivative, 
lactic  acid,  is  of  great  physiological  importance.  Lactic  acid, 
CH3 .  CHOH  .  COOH,  can  be  prepared  by  brominating  propionic 
acid  (the  bromine  always  attacks  the  a-carbon  atom),  and 
replacing  the  halogen  by  hydroxyl,  in  the  same  way  as  above 
indicated  for  glycollic  acid.  Lactic  acid  derives  its  name  from 
its  occurrence  in  sour  milk,  as  the  result  of  fermentation.  The 
lactic  acid  bacillus  decomposes  the  milk  sugar  according  to  the 
equation  : 

C12H22On  +  H20  =  4C3H(303 

Other  sugars  are  attacked  in  the  same  way,  so  that  lactic  acid 
is  usually  prepared  from  the  cheaper  cane  sugar.  Since  free 
acid  inhibits  the  growth  of  the  organism,  calcium  carbonate, 
or  preferably  zinc  oxide,  are  added,  along  with  a  little  cheese 
or  sour  milk  (containing  the  bacillus).  The  zinc  lactate  is 
crystallised  from  hot  water  and  decomposed  with  hydrogen 
sulphide.  After  filtration  the  lactic  acid  Ms  evaporated  to  a 
syrup;  it  can  only  be  obtained  crystalline  with  difficulty. 

A  particular  variety  of  lactic  acid  is  formed  during  muscular 
contraction  from  glycogen,  the  source  of  muscular  energy. 
The  glycogen  is  doubtless  first  converted  into  a  sugar,  so  that 
both  varieties  of  lactic  acid,  that  in  sour  milk  and  that  in 
muscle,  are  derived  from  a  similar  source.  In  considering  the 
sugars  we  shall  see  that  lactic  acid  has  the  same  composition 
as  half  a  glucose  molecule. 

CH3.  CHOH.  COOH  -  C3H603  =  T  (C6H12Og) 

The  peculiar  difference  between  the  lactic  acid  of  milk  and 
that  of  muscle  will  be  discussed  in  a  separate  section. 

Since  lactic  acid  is  at  the  same  time  a  (secondary)  alcohol 
and  an  acid,  ester  formation  can  take  place  between  the 
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carboxyl  of  one  molecule  and  the  alcoholic  group  of  another. 
This  occurs  on  heating : 


2C3HA 


CHo .  CH . OH  COOH 


0:C  —  O  —  CH.CH, 


+  H.,0 


On  further  heating  the  alcoholic  group  of  the  first  reacts  also 
with  the  carboxyl  of  the  second 

CH3.CH.OH  HOC  :  O  CH3.CH— O— CO 


+  H.,0 


O  :  C - O  - - CH  .  CH3  OC  —  O  —  CH  .  CH3 

and  a  cyclic  double  ester  is  formed,  insoluble  in  water  (because 
it  has  no  hydroxyl  groups;  it  is  called  lactide).  By  more 
energetic  dehydration,  by  warming  with  concentrated  sulphuric 
acid,  a  molecule  of  water  is  split  off,  not  from  two  different 
molecules  but  from  a  single  one  (compare  the  dehydration  of 
alcohol  to  ether  and  to  ethylene).  The  change  is  represented 
thus  : 

CH. 


HCO 


H 


=  CHq.  CHO  +  CO  +  H.,0 


O:  C  OH 


This  formation  of  acetaldehyde  may  be  used  for  the  quantitative 
determination  of  lactic  acid. 

/3-Hydroxypropionic  is  called  hydracrylic  acid,  because  on 
heating  it  loses  water  to  form  acrylic  acid. 

CH2OH.CH2.COOH  =  CH2:CH.  COOH  +  H20 

It  has  no  physiological  importance.  On  the  other  hand  its  homo- 
logue,  /3-hydroxybutyric  acid,  CH3.  CH(OH) .  CH2 .  COOH, 
occurs  in  some  diabetic  urines  as  the  result  of  the  reduction  of 
the  corresponding  ketone,  CH3.  CO  .  CH2.  COOH,  acetylacetic 
acid  (p.  89).  On  heating,  /3-hydroxybutyric  acid  is  dehydrated 
to  CH3 .  CH  :  CH  .  COOH,  a  homologue  of  acrylic  acid. 

From  the  above  two  examples  we  see  that  /3-hydroxy  acids 
are  dehydrated  to  unsaturated  acids,  and  behave  quite  differently 
from  the  a-isomers.  y- Hydroxy  acids  are  dehydrated  in  yet 
another  fashion.  Here  the  alcoholic  group  is  so  far  removed 
from  the  carboxyl,  that  ester  formation  can  take  place  inside 
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one  molecule,  with  the  formation  of  a  ring.  Thus  when 
y-hydroxybutyric  acid  is  liberated  from  its  salts,  it  passes  at 
the  ordinary  temperature  into  an  anhydride,  a  cyclic  ester 
called  a  y-lactone. 

CH2— ch2 

HO.CH2.CH2.CH2.COOH  =  j  ^>0 

CH2— CO 

With  sodium  hydroxide  such  a  lactone  is  reconverted  into  the 
sodium  salt  of  the  acid.  The  lactones,  like  ethyl  acetate,  are 
neutral  substances,  yet  capable  of  neutralising  sodium  hydroxide, 
for  like  other  esters  they  are  potential  acids. 

We  see  then,  that  /3-  and  y-hydroxy  acids  are  sharply 
distinguished  by  the  way  in  which  they  are  dehydrated. 


STEREOISOMERISM 


We  now  return  to  the  important  difference  between  the 
lactic  acids  of  milk  and  of  muscle.  Both  varieties  furnish  lactide 
on  heating,  both  yield  with  sulphuric  acid  acetaldehyde,  both  are 
therefore  a-hydroxypropionic  acid,  for  which,  with  our  present 
knowledge,  we  have  only  one  formula,  CH3 .  CHOH  .  COOH. 
Indeed,  these  two  acids  have  identical  chemical  properties.  An 
examination  of  their  physical  properties  reveals  some  minor 
differences  and  a  major  one.  (A  minor  difference  is  shown  by 
the  solubilities  of  their  zinc  salts ;  that  from  muscle  is  more 
soluble  in  water  than  that  from  milk.)  The  major  difference 
appears  when  a  beam  of  plane  polarised  light  is  passed  through 
a  solution  of  the  acids.  The  acid  from  muscle,  so  called 
sarcolactic  acid  (Gk.  sarx  sarkos ,  flesh),  rotates  the  plane  of 
polarisation,  that  from  milk  does  not.  There  are  many 
examples  of  this  phenomenon,  of  organic  substances  having 
identical  chemical  properties,  yet  differing  in  their  action  on 
polarised  light.  Such  substances  have  a  carbon  atom  bearing 
four  different  groups  (in  the  case  of  lactic  acid  a  hydrogen 
atom,  carboxyl,  hydroxyl  and  methyl).  When  two  groups  are 
identical  (as  in  /3-hydroxypropionic  acid  where  the  central 
carbon  atom  bears  two  hydrogens,  in  addition  to  CH2OH  and 
COOH)  there  is  never  any  action  on  polarised  light.  We  must 
therefore  try  to  imagine  an  arrangement  round  the  central 
carbon  atom  which  permits  of  two  modifications  in  the  case  of 
lactic  acid,  but  only  of  one  in  the  case  of  /3-hydroxypropionic. 

There  is,  moreover,  something  incomplete  about  the  formulae 
hitherto  employed,  for  they  do  not  represent  the  shape  of  the 
molecule.  They  were  merely  designed  to  indicate  that  in 
the  case  of  glycollic  acid,  for  instance,  two  hydrogen  atoms,  a 
hydroxyl  and  a  carboxyl  group  are  attached  to  the  same  carbon 
atom.  This  may  be  written  in  a  variety  of  ways  : 
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/OH 

H— C— H 

xCOOH 


H 

II 


/OH 

C( 

xCOOH 


H 

O 

H.C.COOH 

H 


3 


4 


H 

O 

H.C.H 

COOH 

5 


and  we  make  no  assumption  as  to  the  actual  directions  of  the 
valencies  of  carbon.  We  know,  however,  that  all  these  valencies 
are  equivalent,  so  that  a  formula  like  the  second,  with  one 
valency  different  from  the  other  three,  could  not  possibly 
represent  the  real  state  of  affairs.  If  it  did,  the  odd  valency 
could  be  occupied,  not  only  by  a  hydrogen  but  also  by 
hydroxyl  or  carboxyl,  and  we  would  have  three  glycollic  acids. 
But  even  the  common  method  of  writing  the  four  valencies 
at  right  angles  to  each  other,  symmetrically  distributed  in  the 
plane  of  the  paper,  is  not  satisfactory.  If  the  valencies  were 
in  one  plane  there  ought  to  be  two  glycollic  acids,  one  with 
the  hydrogen  atoms  adjacent  to  each  other  (formula  4  above), 
the  other  with  these  atoms  at  opposite  sides  of  the  molecule 
(formula  5).  Evidently  we  require  a  still  more  symmetrical 

arrangement,  in  which  every  valency  is 
equally  related  to  all  the  others.  This 
leads  to  the  view  that  the  four  valencies 
of  carbon  are  not  in  a  single  plane, 
but  symmetrically  distributed  in  space. 
This  highest  degree  of  symmetry  is  repre¬ 
sented  by  a  regular  tetrahedron,  a  three 
Fig.  5.  sided  pyramid  bounded  by  four  equi¬ 

lateral  triangles  (Fig.  5). 

We  imagine  the  carbon  atom  to  be  at  the  centre  of  gravity, 
and  the  valencies  to  be  directed  towards  the  four  solid  angles. 
This  arrangement  at  once  overcomes  the  difficulty  of  the  flat 
formulae  4  and  5  of  glycollic  acid,  for  in  the  solid  formula  below, 


Fig.  6. 
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representing  this  acid,  any  atom  or  group  is  always  adjacent 
to  all  the  others.  The  space  formula,  however,  does  much 
more  than  this  ;  it  explains  the  action  of  (sarco)  lactic  acid 
and  similar  substances  on  polarised  light,  and  was  indeed  first 
suggested  for  this  purpose  by  van’t  Hoff  in  1874.  Lactic  acid 
may  be  regarded  as  glycollic,  in  which  one  hydrogen  atom  is 
replaced  by  a  methyl  group.  Depending  on  which  hydrogen 


Fig.  7. 


atom  is  replaced  in  the  second  position  in  Fig.  6,  we  obtain 
formulae  I  and  II,  mirror  images  of  each  other  and,  unlike 
those  of  Fig.  6,  not  superimposable.  We  can  of  course  always 
make  two  groups  coincide,  for  instance  the  OH  and  COOH 
in  I  and  II,  but  then  the  H  of  the  one  formula  will  occupy  the 
place  of  the  CHS  group  in  the  other,  and  vice  versa.  We  can, 
by  rotating  II  round  the  edge  joining  the  hydrogen  and  methyl, 
bring  it  into  position  III,  and  then  by  rotating  round  a  vertical 
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axis,  bring  the  methyl  to  the  left  and  the  hydrogen  to  the 
right  in  the  places  they  occupy  in  I,  but  now  it  is  the  carboxyl 
and  hydroxyl  which  do  not  occupy  the  same  places  as  in  I  ; 
I  and  IV  are  not  superimposable.  Further,  let  us  imagine 
ourselves  placed  at  one  of  the  solid  angles  of  the  tetrahedron, 
e.g.  OH  ;  then,  looking  down  at  the  base  of  the  pyramid  we 
see  the  groups  H,  CH3,  COOH  arranged  in  clockwise  fashion 
in  I  and  counter-clockwise  in  II.  Similarly,  if  we  view  the 
other  groups  from  OH  in  III  and  in  IV  we  shall  also  see 
them  in  counter-clockwise  arrangement;  hence  III  and  IV 
represent  the  same  molecule  as  II,  merely  turned  into  a 
different  position;  II,  III  and  IV  are  all  superimposable  and 
differ  from  the  clockwise  molecule  I.  The  clockwise  and  the 
counter-clockwise  molecules  are  mirror  images  of  each  other 
and  comparable  to  a  left  and  a  right  hand  ;  one  rotates  the 
plane  of  polarised  light  to  the  left,  the  other  rotates  it  to  the 
right  with  equal  intensity. 

Sarcolactic  acid  is  dextro-rotatory  and  will  be  called  dextro 
or  V-lactic  acid.  Laevolactic  acid  does  not  occur  in  nature 
as  such  ;  in  sour  milk  it  is  mixed  with  approximately  as  much 
V-lactic  acid,  so  that  while  some  molecules  turn  the  polarised 
light  to  the  left  an  equal  number  turn  it  to  the  right,  and  the 
total  effect  is  nil.  Such  a  mixture  of  the  two  active  mirror 
images,  or  antipodes,  in  equal  proportion  is  called  a  racemic 
mixture  (thus  named  after  racemic  acid,  an  inactive  form  of 
tartaric,  p.  96).  In  the  case  of  fermentation  lactic  acid,  this 
mixture  has  been  separated  artificially  into  d- lactic  acid 
(  =  sarcolactic)  and  /-lactic  acid,  which  is  only  obtainable  in 
this  way.  The  substance  in  sour  milk  may  therefore  be  called 
the  dj- lactic  acid. 

We  see  then  that  muscle  cells  produce  only  one  variety  of 
lactic  acid  from  sugar,  but  micro-organisms  produce  both.  The 
behaviour  of  muscle  is  characteristic  of  the  higher  organisms 
which,  when  a  substance  is  capable  of  existence  in  two  optically 
active  forms,  generally  produce  one  variety  only.  This  asym¬ 
metry  or  lopsidedness  is  a  fundamental  characteristic  of  living 
matter  1 ;  in  the  mineral  kingdom  it  is  only  shown  by  a  few 

1  .  .  .  “je  ne  saurais  indiquer  l’existence  d’une  separation  plus  profonde 
entre  les  produits  nes  sous  l’influence  de  la  vie,  et  tous  les  autres.,; 
— L.  Pasteur,  i860. 
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crystals  such  as  quartz,  certain  specimens  of  which  rotate  the 
plane  of  polarised  light  to  the  left  and  others  to  the  right. 
Even  micro-organisms  do  not  generally  produce  fermentation 
lactic  acid  in  strictly  equal  amounts ;  the  d-  or  the  /-acid  often 
occurs  in  slight  excess.  In  this  matter  the  lower  organisms 
are,  however,  much  less  particular  than  the  higher;  they  have 
a  greater  array  of  ferments.  In  a  laboratory  preparation, 
without  the  aid  of  living  matter,  there  is  no  lopsidedness.  Thus 
when  propionic  acid  is  chlorinated  (as  a  step  in  the  synthesis 
of  lactic  acid)  either  of  two  hydrogen  atoms  may  be  replaced  ; 
the  chances  are  equal  and  the  d-  and  /-chloropropionic  acid  are 
produced  in  identical  amounts.  The  lactic  acid  finally  obtained 
is  racemic  and  optically  inactive.  It  can  indeed  be  separated 
into  its  two  components,  but  only  by  a  living  agent  (mould 
or  chemist). 

We  have  seen  that  optical  activity  results  from  the  presence 
of  a  carbon  atom  bearing  four  dissimilar  groups  (in  the  case 
of  lactic  acid  CH3,  OH,  H  and  COOH).  Such  a  carbon  atom 
is  called  asymmetric.  It  brings  about  that  the  molecule  as 
a  whole,  like  the  hand,  has  no  plane  of  symmetry.  As  long 
as  the  carbon  atom  bears  two  similar  groups  such  a  plane  is 
present,  passing  between  them  and  through  the  other  groups. 

COOH  COOH 


If  we  imagine  that  in  the  above  formula  of  glycollic  acid  (on 
the  left)  the  hydroxyl  is  above  the  paper,  and  the  other  groups 
in  its  surface,  then  the  plane  of  symmetry  will  be  at  right 
angles  to  the  paper  and  pass  through  OH  and  COOH,  with 
the  two  hydrogen  atoms  symmetrically  disposed  on  either  side. 
Hence  glycollic  acid  cannot  exist  in  an  optically  active  form. 
The  asymmetry  of  lactic  acid  depends  on  the  fact  that  a 
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plane  can  cut  only  two  substituents  in  half  (e.g.  OH  and 
COOH,  Fig.  8,  formula  on  the  right)  and  must  pass  between 
the  other  two.  Since  these  two  are  different  (H  and  CH3) 
the  molecule  is  not  symmetrical.  Symmetry  is  only  possible 
if  the  plane  passes  between  identical  groups,  as  in  glycollic  acid. 


Likewise  the  above  outline,  asymmetric  in  one  plane,  may 
represent  both  a  left  and  a  right  hand.  It  is  only  by  indicating 
further  asymmetry,  in  a  plane  at  right  angles  to  the  paper, 
that  left-  and  right-handedness  arise.  Another  analogy  is 
provided  by  a  teapot  and  a  golf  club.  The  former  corresponds 
to  the  outline  of  a  hand  and  to  glycollic  acid,  the  latter  to 
a  left  (or  right)  hand  and  to  /-  (or  d-)  lactic  acid. 

The  difference  between  a-  and  /3-hydroxypropionic  acids, 
which  reveals  itself  in  their  chemical  properties,  is  one  of 
structural  isomerism.  The  difference  between  d-  and  /-lactic 
acid  which  only  shows  itself  in  their  physical  properties,  is  due 
to  a  different  grouping  in  space.  Such  a  difference  is  called 
stereoisomerism  (Gk.  stereos ,  solid).  The  perspective  repre¬ 
sentation  of  stereoisomerism  is  inconvenient,  and  we  may 
adopt  a  simple  conventional  method.  For  this  purpose  we 
imagine  the  tetrahedron  representing  lactic  acid  in  Fig.  8 
to  be  balanced  on  an  edge  lying  across  the  paper,  for  instance 
that  between  CH3  and  H.  When  viewed  from  above  the 
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tetrahedron  will  present  the  appearance  shown  below  on  the 
left,  with  the  OH-COOH  edge  uppermost. 


COOH 


OH 


COOH 


OH 


The  mirror  image  of  this  form,  likewise  viewed  from  above, 
is  represented  on  the  right.  The  asymmetric  carbon  atoms 
themselves  will  be  in  the  centres  and  the  two  forms  of  lactic 
acid  may  be  represented  by  the  formulae 

COOH  COOH 

CH3 — C — H  H— C— CH3 

OH  OH 

It  should  be  remembered,  however,  that  this  conventional  repre¬ 
sentation  does  not  mean  that  the  four  groups  are  in  one  plane. 
It  was  arrived  at  by  considering  that  the  H  and  CH3  were 
below  the  asymmetric  carbon  atom  and  the  COOH  and  OH 
above  it. 


POLARISED  LIGHT 

Although  a  purely  physical  subject,  this  is  dealt  with  here 
(in  very  elementary  fashion).  In  a  ray  of  polarised  light,  as 
in  a  ray  of  ordinary  light,  the  ether  vibrates  at  right  angles 
to  the  path  of  the  ray;  but  whereas  in  ordinary  light  the 
vibrations  take  place  in  all  directions  at  right  angles  to  the 
rav,  in  polarised  light  the  vibrations  take  place  in  one  plane 
only.  We  consequently  speak  of  the  plane  of  polarisation  of 
polarised  light.  Let  B  (next  page)  represent  the  path  of  a  ray 
of  polarised  light  looked  at  end  on,  and  coming  towards 
the  reader:  then  the  line  PP'  may  represent  the  plane  of 
polarisation  of  the  ray,  also  looked  at  end  on.  If  the  ray  is 
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now  made  to  pass  through  a  solution  of  the  lactic  acid  derived 
from  muscle,  it  is  found  that  the  plane  of  polarisation  has 
shifted  to  a  new  position,  say  RR'.  A  similar  solution  of 


P'  F 


glycollic  acid  has  no  such  effect.  Lactic  acid  is  therefore  said  to 
be  optically  active,  and  glycollic  acid  to  be  optically  inactive. 

The  instrument  by  means  of  which  the  rotation  is  observed 
and  measured  is  named  a  polarimeter,  the  structure  of  which 


Fig.  io. 


is  shown  diagrammatically  in  Fig.  io.  The  apparatus  consists 
essentially  of  two  parts,  the  polarising  part  P,  and  the  analysing 
part  A,  which  can  be  rotated  with  respect  to  each  other  round 
their  common  axis.  Between  these  may  be  placed  a  tube,  T, 
containing  the  liquid,  the  rotation  of  which  is  to  be  determined. 
The  ray  of  li  ght  from  the  source  at  L  is  made  parallel  by 
passing  through  a  lens.  It  then  reaches  the  Nicol’s  prism  P 
which  polarises  it,  after  which  it  passes  through  a  thin  quartz 
plate,  Q,  extending  only  over  a  portion  of  the  field,  usually  half. 
Quartz  is  an  optically  active  solid  which  rotates  the  plane  of 
polarisation  of  a  ray  of  polarised  light.  In  the  absence  of  the 
tube  T  the  ray,  which  now  consists  of  two  portions,  one  of  which 
has  passed  through  Q  and  the  other  not,  reaches  a  second  Nicol’s 
prism,  A,  on  emerging  from  which  it  passes  through  a  series 
of  telescopic  lenses,  focussed  on  O,  to  the  eye  at  E.  The 
Nicol’s  prism,  P,  only  allows  light  to  pass  through  it  which  has 
vibrations  in  one  definite  plane,  say  the  vertical  plane.  If  in 
absence  of  the  quartz  plate  and  of  an  optically  active  substance 
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in  the  tube,  the  light  reaches  the  second  Nicol’s  prism,  then 
if  this  second  prism  is  placed  similarly  to  the  first,  the  light 
which  is  passed  through  the  first  prism  will  also  pass  through 
the  second.  If,  however,  the  second  prism  is  crossed  with 
regard  to  the  first,  that  is,  turned  through  90°  from  the  parallel 
position,  it  stops  all  the  light  which  has  passed  through  the 
first,  and  the  field  appears  dark. 

If  the  quartz  plate  is  now  interposed  between  the  prisms, 
and  reaches  only  across  half  the  field,  the  polarised  light  which 
is  passed  through  it  has  the  plane  of  its  vibrations  rotated 
slightly  from  the  vertical,  and  so  the  portion  of  the  field  due  to 
it  will  now  appear  illuminated,  although  the  Nicols  are  crossed. 
If  the  analysing  Nicol  is  turned  so  that  this  half  of  the  field 
shall  appear  dark,  then  the  other  half  becomes  illuminated. 
There  is  a  position  midway  between  these  two  points  at  which 
both  halves  of  the  field  are  feebly  but  equally  illuminated.  The 
appearance  of  the  field  in  the  three  positions  mentioned  is  shown 
in  Fig.  11.  The  instrument  is  carefully  adjusted  to  the  position 


Fig.  11. 


of  equal  illumination,  and  the  angle  indicated  on  the  graduated 
circle  attached  to  the  analysing  portion  is  read  off.  This  is 
taken  as  the  zero  reading  of  the  instrument,  no  optically  active 
substance  other  than  the  quartz  plate  being  present.  If  now  an 
optically  active  substance  is  placed  between  the  Nicols  in  the 
tube  T,  it  rotates  the  plane  of  polarisation  of  both  halves  of  the 
ray  of  light,  and  the  field  now  appears  unequally  illuminated. 
The  analysing  portion  is  then  turned  until  a  position  of  equal 
illumination  of  the  two  halves  of  the  field  is  again  found.  The 
position  on  the  circle  is  again  carefully  read  off,  and  the 
difference  between  this  reading  and  the  previous  zero  reading 
gives  the  angle  through  which  the  optically  active  substance 
has  rotated  the  plane  of  polarisation  of  the  ray. 

The  actual  angle  through  w'hich  the  plane  is  rotated  depends 
on  various  circumstances,  chiefly  the  concentration  of  the 
solution,  the  length  of  the  layer  of  the  liquid  through  which  the 
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polarised  ray  passes,  and  the  specific  rotatory  power  1  of  the 
substance.  When  the  optically  active  substance  in  the  above 
instance  rotates  the  plane  of  polarisation  in  the  direction  of  the 
clock,  it  is  called  dextro-rotatory  (dextro  -  gyrate) ;  when  it 
rotates  the  plane  of  polarisation  in  the  opposite  sense,  it  is 
called  IcEvo-rotatory  (laevo-gyrate). 


1  The  specific  rotatory  power  of  a  substance  is  the  rotation  produced  by 
a  column  of  liquid  i  dm.  in  length  and  containing  i  gram  of  the  active 
substance  per  c.c.  In  the  case  of  a  pure  liquid  of  density  d  the  amount 
contained  in  i  c.c.  is  d  gram  and  hence  the  specific  rotation  [a]D  is  obtained 
by  dividing  the  rotation  observed  in  a  i  dm.  tube  by  in  a  tube  of  l  dm.  by  Id 


In  the  case  of  a  solution  containing  c  gram  per  c.c. 


or  c 


a  p 

l  X  fctju 


The  last  equation  enables  us  to  find  the  concentration  of  a  substance  of  known 
specific  rotation,  if  it  is  the  only  optically  active  substance  in  the  solution. 
Thus,  let  a  glucose  solution  in  a  2  dm.  tube  give  a  rotation  of  aD  =  1-05°. 

The  specific  rotation  of  glucose  is  +52-5°  then  c  =  IQ^  -  =  o-oi  and  we 

2  x  52-5 

ascertain  polarimetrically  that  there  is  1  per  cent,  glucose  in  the  solution. 
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We  have  seen  that  glycollic  acid  combines  acidic  properties 
with  those  of  an  alcohol ;  glyoxylic  acid  is  both  an  acid  and  an 
aldehyde;  lactic  and  /3-hydroxybutyric  acids  are  secondary 
alcohols  as  well  as  acids.  Evidently  there  must  also  be 
substances  which  are  both  acids  and  ketones ;  they  are  the 
keto  acids. 

The  simplest  is  keto  -  propionic  or  pyruvic  acid, 
CHg.CO.COOH;  it  is  an  intermediate  stage  in  alcoholic 
fermentation,  for  it  is  decomposed  by  an  enzyme  of  yeast  into 
acetaldehyde  and  carbon  dioxide, 

CH3.CO.COOH  =  CH3.CHO  +  CO3 

and  the  acetaldehyde  is  at  once  reduced  to  alcohol  (see  p.  128). 
The  hydroxy  acid  corresponding  to  pyruvic,  namely  lactic  acid, 
can  also  be  made  to  yield  acetaldehyde.  It  is,  however, 
necessary  to  warm  with  the  powerful  reagent  concentrated 
sulphuric  acid,  which  removes  water,  and  the  other  product 
of  the  reaction  is  of  course  not  carbon  dioxide  but  the 
monoxide : 

CH3.CHOH.COOH  =  CH3.CHO  +  CO  +  H20 

/3-Ketobutyric  acid  is  important  as  a  constituent  of  diabetic 
urine  and  has  the  formula,  CH3 .  CO  .  CH2 .  COOH.  We  have 
already  called  the  complex  CH3.  CO-  the  acetyl  group  ;  /3-keto- 
butyric  may  be  regarded  as  acetic  acid  in  which  one  hydrogen 
atom  is  replaced  by  acetyl ;  hence  its  common  name  is  acetyl- 
acetic  or  acetoacetic  acid.  It  is  sometimes  called  diacetic 
acid,  because  it  contains  the  atoms  of  two  molecules  of  acetic 
acid  minus  water ;  accordingly  it  is  isomeric  with  acetic 
anhydride,  CH3 .  CO-O-OC  .  CH3.  These  two  isomerides  behave 
quite  differently  towards  water.  The  anhydride  molecule  is 
broken  at  the  bridge  oxygen  atom,  and  two  molecules  of  acetic 
acid  are  regenerated.  In  acetylacetic  acid  the  two  acetic  acid 
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residues  are  joined  directly,  and  boiling  water  does  not  separate 
them ;  instead  it  decarboxylates  one  of  them ;  carbon  dioxide 
is  given  off  and  acetone  results  : 

CH3.CO.CH2.COOH  =  CH3.CO.CH3  +  C02 

Yet  another  name  for  acetylacetic  would  therefore  be  acetone- 
carboxylic  acid,  i.e.,  acetone  in  which  one  hydrogen  atom  is 
replaced  by  a  carboxyl  group. 

This  decarboxylation  of  acetylacetic  acid  may  already  occur 
in  the  diabetic  patient,  whose  urine  and  breath  may  contain 
acetone.  In  some  diabetics  the  acetoacetic  acid  undergoes  a 
reduction  to  /3-hydroxybutyric  acid,  and  in  accordance  with 
what  has  been  said  above  about  the  formation  of  optically  active 
substances  in  the  higher  organisms,  the  hydroxybutyric  acid 
in  diabetic  urine  is  optically  active  (lmvo-rotatory).  These 
three  substances,  acetone,  acetylacetic  and  /3-hydroxybutyric 
acids  are  collectively  known  in  medicine  as  the  acetone  bodies. 
Acetylacetic  acid  is  the  parent  substance  of  the  other  two,  and 
we  may  enquire  how  it  is  formed.  During  digestion  the  fats 
are  hydrolysed  in  the  intestine  to  glycerol  and  fatty  acids,  and 
after  absorption  the  long  carbon  chains  of  the  latter  are 
ultimately  oxidised  to  carbon  dioxide  and  water.  There  is 
evidence  to  show  that  this  takes  place  by  oxidation  at  the 
/3-carbon  atom ;  thus  stearic  acid  is  probably  first  converted 
into  /3-ketostearic, 

c15h31.ch2.ch2.cooh  +  o2  =  C15H31 .  CO .  ch2  .  COOH  +  h2o 

The  carboxyl  group  and  the  a-carbon  atom  are  then  oxidised 
away  and  the  keto  group  becomes  a  new  carboxyl  so  that 
palmitic  acid  results  : 

C15H31.C0.CH2.C00H  +  202  =  C16H31.C00H  +  2C02  +  H20 

This  process  is  then  repeated  and  fatty  acids  with  14,  12,  10, 
etc.,  carbon  atoms  are  successively  formed.  It  is  a  significant 
fact  that  all  these  fatty  acids  with  an  even  number  of  carbon 
atoms  occur  in  fats,  but  none  with  an  odd  number  of  such 
atoms.  The  repeated  /3-oxidations  would  ultimately  result  in 
butyric  acid  and  then  in  /3-ketobutyric.  The  normal  organism 
is  capable  of  completing  the  breaking  down  of  the  carbon  chain, 
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but  the  diabetic  fails  at  this  point ;  it  is  incapable  of  attacking  the 
ketobutyric  =  acetylacetic  acid,  which  thus  appears  in  the  urine. 

The  acid  may  be  recognised  by  a  claret  colour  produced  on 
addition  of  ferric  chloride.  In  urine  a  precipitate  of  ferric 
phosphate  is  first  formed,  and  must  be  filtered  off.  Salicylic 
acid,  if  administered,  may  pass  into  the  urine  and  give  a  similar 
colour.  The  latter  acid  is  removed  by  shaking  the  urine  with 
chloroform.  Acetoacetic  acid  may  then  be  extracted  with 
ether,  after  acidification  of  the  solution  with  sulphuric  acid. 

Such  colour  reactions  with  ferric  chloride  are  characteristic 
of  certain  hydroxy  compounds,  especially  phenols,  p.  177  (eg. 
salicylic  acid),  and  acetoacetic  acid  exists  as  an  equilibrium 
mixture  between  two  isomeric  forms. 

H 

93  per  cent.  O  7  Per  cent. 

CH3 .  CO  .  CH2 .  COOH  ^  CH3 .  C  :  CH  .  COOH 

The  second  form  is  an  unsaturated  tertiary  alcohol,  resulting 
from  the  wandering  of  a  hydrogen  atom,  and  this  alcohol  (like 
the  phenols  to  be  discussed  later)  gives  the  coloration  with 
ferric  chloride.  This  particular  kind  of  isomerism,  where  the 
two  forms  are  readily  interconvertible,  is  known  as  tautomerism. 

From  what  has  been  said,  it  will  be  evident  that  aceto¬ 
acetic  acid  can  also  be  recognised  by  boiling  the  acid  with 
water  and  then  applying  the  iodoform  test  for  acetone.  Like 
acetone,  acetoacetic  acid  gives  a  reddish  purple  colour  with 
sodium  nitroprusside ;  the  solution  is  best  saturated  with 
ammonium  sulphate  and  made  strongly  alkaline  with  ammonia, 
after  adding  a  few  drops  of  nitroprusside  solution. 

The  ethyl  ester  of  acetylacetic  acid,  “  ethyl  acetoacetate,” 
plays  a  large  part  in  synthetical  chemistry,  but  has  no  biological 
interest.  It  can  be  prepared  under  the  influence  of  sodium  by 
a  reaction  which  may  be  summarised  thus: 

2CH3.COOC2H5  =  CH3.CO.CH2.COOC2H5  +  C2H5OH 

By  boiling  the  ester  with  mineral  acids  free  acetoacetic  acid  is 
formed,  and  is  then  decomposed  to  acetone  and  carbon  dioxide. 
By  boiling  with  concentrated  sodium  hydroxide  the  sodium 
acetoacetate  is,  however,  hydrolysed  to  two  molecules  of  sodium 
acetate,  a  reversal  of  the  above  synthesis  of  the  ester. 

CH3.  CO .  CH2 .  COONa  +  NaOH  =  CH3 .  COONa  +  HCH2 .  COONa 
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DIBASIC  ACIDS 

The  introduction  of  a  second  carboxyl  raises  the  melting 
point  so  much,  that  even  the  simplest  dibasic  acid  is  a  solid. 
This  is  oxalic  acid,  HOOC.COOH,  the  most  important 
member  of  the  series.  We  have  seen  that  it  is  formed  by 
oxidising  both  alcohol  groups  in  glycol,  or  the  surviving  one  in 
glycollic  acid, 

CH2OH  CH,OH  COOH  HOCOOH 

|  - >-  |  "  - >-  |  - >- 

CH.OH  COOH  COOH  HOCOOH 

It  is  the  penultimate  stage  in  the  oxidation  of  these  and  of 
many  other  substances  and  is  comparatively  stable ;  complete 
oxidation,  by  acid  permanganate,  does  not  occur  below  about 
6o°  (titration).  Hence  oxalic  acid  is  formed  from  a  variety  of 
substances,  eg  by  boiling  cane  sugar  with  concentrated  nitric 
acid.  Owing  to  the  low  price  of  formic  acid  (p.  35)  sodium 
oxalate  is  now  prepared  industrially  by  heating  sodium  formate 

2HCOONa  =  (COONa)2  +  H2 

Oxalic  acid  also  escapes  oxidation  in  a  number  of  biological 
processes.  Thus  it  occurs  normally  as  calcium  salt  in  the  urine 
(octahedral  “  envelope  ”  crystals  or  dumbbell-shaped  spheroidal 
bodies).  These  may  give  rise  to  urinary  calculi  (shaped  like  a 
mulberry).  Calcium  oxalate  is  also  frequently  deposited  in 
vegetable  cells,  and  the  acid  potassium  salt  occurs  in  the 
cell  sap  of  wood  sorrel  ( Oxalis  acetosella ),  sorrel,  spinach, 
rhubarb,  etc.  The  last  named  in  particular  may  cause  calculi. 

Since  the  characteristic  properties  of  an  organic  acid  are  due 
to  the  carboxyl  group,  it  is  not  surprising  that  oxalic  acid, 
consisting  entirely  of  carboxyl,  is  by  far  the  strongest  organic 
acid.  It  is  the  only  one  at  all  comparable  in  strength  with  the 
stronger  mineral  acids.  Therefore  calcium  oxalate,  practically 
insoluble  in  water,  is  not  dissolved  by  acetic  acid ;  it  is  soluble 
in  hydrochloric. 

Oxalic  acid  is  a  powerful  poison,  not  merely  on  account 
of  its  hydrogen  ions,  for  neutral  soluble  oxalates  are  also 
poisonous,  so  that  their  effect  must  be  attributed  to  the  oxalic 
ion.  The  toxicity  of  oxalic  acid  and  its  salts  is  probably 
connected  with  the  insolubility  of  calcium  oxalate.  Thus  blood 
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does  not  coagulate  in  the  absence  of  calcium  ions  (use  of 
ammonium  oxalate  to  prevent  clotting  in  vitro).  Oxalic  acid 
forms  crystals  of  the  composition  C2H204.2H20  which  do  not 
melt  without  decomposition.  On  heating  with  glycerol  the 
acid  is  partially  decarboxylated  to  formic  acid.  On  heating 
with  concentrated  sulphuric  acid  it  loses  the  elements  of  water 
and  yields  equal  volumes  of  carbon  monoxide  and  dioxide. 

COOH 

CO  OH 

It  will  be  seen  that  no  free  carbon  is  liberated,  so  that  no 
charring  occurs. 

Malonic  acid,  HOOC  .  CH2 .  COOH,  the  next  homologue,  is 
of  no  biological  interest;  its  diethyl  ester  is  much  used  for 
synthetic  purposes,  like  ethyl  acetoacetate  (compare  e.g.  veronal, 
p.  160). 

Succinic  acid,  HOOC  .  CH2 .  CH2 .  COOH,  is  so  named 
because  it  was  first  obtained  by  the  destructive  distillation  of 
amber  (L.  sticcinuni).  It  is  chiefly  of  interest  on  account  of  its 
hydroxy  derivatives.  Monohydroxysuccinic  acid 

HOOC.CH2.  CHOH.COOH 

is  called  malic  acid,  because  it  was  first  found  in  apples ;  it  is 
one  of  the  commonest  of  vegetable  acids,  occurring  in  many 
other  unripe  fruits,  eg.  in  the  berries  of  the  rowan  or  mountain 
ash.  Malic  acid  contains  an  asymmetric  carbon  atom 

OH 

H— C— COOH 
CH2.COOH 

and  like  lactic  acid  exists  therefore  in  a  laevo-rotatory  and  a 
dextro-rotatory  form,  and  as  an  inactive  mixture  of  the  two. 
The  natural  acid  is  mostly  laevo-rotatory,  sometimes  racemic. 
The  latter  form  can  be  obtained  by  brominating  succinic  acid 
and  treating  the  product  with  moist  silver  oxide. 


CHBr.COOH 

CH2.COOH 


CHOH.COOH 

+  AgBr 

CH2.COOH 


+  AgOH 
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Malic  acid  is  at  the  same  time  an  a -  and  /3-hydroxy  acid.  In 
accordance  with  the  latter  structure  it  is  dehydrated  on  heating 
and  converted  into  an  unsaturated  acid  (compare  the  change 
of  hydracrylic  to  acrylic  acid.  p.  77). 

Actually  two  such  unsaturated  acids  are  known  ;  they  are 
called  respectively  maleic  and  fumaric.  We  are  here  presented 
with  a  problem  similar  to  that  of  the  two  lactic  acids ;  it  can 
be  solved  by  adopting  the  same  hypothesis  as  to  the  tetrahedral 
distribution  of  the  four  valencies  of  carbon  in  space.  Fumaric 
and  maleic  acid  present  an  example  of  stereoisomerism  of  a 
novel  kind,  for  none  of  the  carbon  atoms  is  asymmetric. 


Maleic  acid 


Fumaric  acid 


If  we  represent  the  two  central  carbon  atoms  by  tetrahedra, 
these  must  have  two  solid  angles,  i.e .,  one  edge  in  common. 
Imagine  this  edge  to  be  perpendicular  to  the  plane  of  the 
paper,  with  the  two  carbon  atoms  in  this  plane.  The  two 
hydrogen  atoms  and  the  two  carboxyl  groups  will  also  lie  in 
the  plane  of  the  paper  which  is  therefore  a  plane  of  symmetry, 
so  that  there  can  be  no  optical  activity.  Each  double  bond 
has  one  valency  directed  obliquely  downwards  from  the  paper, 
the  other  obliquely  upwards.  The  two  hydrogen  atoms  and 
the  two  carboxyls  lying  in  the  plane  of  the  paper  can  obviously 
be  arranged  in  two  ways.  The  two  carboxyl  groups  may  be 
on  the  same  side  (so  called  cis  position)  or  on  opposite  sides 
(trans  position). 

Maleic  acid  readily  forms  an  anhydride  : 

HC.COOH  HC .  COx  HOOC.CH 

II  =||  >0  +  H20  II 

HC.COOH  HC.CO/  HC.COOH 

Maleic  acid  Maleic  anhydride  Fumaric  acid. 
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Its  two  carboxyl  groups  are  therefore  considered  to  be  close 
together,  so  that  maleic  acid  is  represented  by  the  formula 
on  the  left ;  fumaric  acid  does  not  form  an  anhydride  and  is 
shown  on  the  right.  This  view  of  the  constitution  of  maleic 
and  fumaric  acids  is  supported  by  their  behaviour  towards 
dilute  alkaline  permanganate  (see  pp.  97,  98). 

It  might  be  asked  why  there  are  not  two  forms  of  succinic 
acid,  with  carboxyl  groups  on  the  same  and  on  different  sides; 
in  this  case,  however,  the  central  carbon  atoms  are  joined  by 
a  single  bond,  so  that  rotation  is  possible.  We  may  liken  the 
two  halves  of  the  succinic  acid  molecule  to  two  parallel  boards, 
pierced  by  a  single  nail,  round  which  rotation  is  possible.  The 
two  halves  of  the  fumaric  and  maleic  acid  molecules  are 
comparable  to  boards  fixed  in  definite  positions  by  two  nails. 

Tartaric  acid  is  dihydroxysuccinic  acid, 

HOOC.CH(OH).  CH(OH) .  COOH 

Hence  there  are  two  asymmetric  carbon  atoms  and  optical 
activity  is  possible ;  ordinary  tartaric  acid  from  grape  juice  is 
dextro-rotatory.  There  is  here,  however,  a  slight  complication 
as  compared  with  lactic  acid.  The  two  central  carbon  atoms 
are  quite  similar  since  each  has  the  same  groups  H,  OH, 
COOH  and  CH(OH).COOH  attached  to  it  and  they  will 
therefore  have  an  identical  effect  on  polarised  light.  Both 
atoms  may  turn  its  plane  to  the  right,  or  both  to  the  left,  in 
which  case  the  molecule  as  a  whole  is  optically  active.  It  may, 
however,  also  happen  that  one  carbon  atom  turns  to  the  right, 
the  other  to  the  left  (by  an  equal  amount,  since  it  is  quite 
similar).  In  the  latter  case  the  whole  molecule  will  be  optically 
inactive.  These  three  cases  are  represented  below. 


Fig.  12.  Fig.  13.  Fig.  14. 
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It  will  be  seen  that  the  first  molecule  is  the  mirror  image  of 
the  second ;  these  two  represent  the  d-  and  /-tartaric  acids  ; 
the  third  arrangement  represents  a  symmetrical  molecule  ;  it 
can  be  cut  into  similar  halves  (themselves  mirror  images  of 
each  other)  by  a  plane  passing  through  the  junction  of  the 
tetrahedra  and  parallel  to  their  horizontal  faces.  This  plane 
does  not  cut  d-  or  /-tartaric  acid  into  symmetrical  halves.  The 
third  formula  evidently  represents  the  arrangement,  in  which 
the  optical  effect  of  one  carbon  atom  is  annulled  by  that  of 
the  other  inside  the  same  molecule.  This  internally  compensated 
inactive  acid  is  known  as  mesotartaric. 

There  is  yet  a  fourth  acid.  When  concentrated  solutions  of 
the  d-  and  /-acid  are  mixed  in  equal  proportion  a  molecular 
compound  of  the  two  crystallises,  known  as  racemic  acid.  It 
is  less  soluble  than  either  component  (and  crystallises  with 
2H20  ;  the  separate  components  are  anhydrous).  It  is  inactive 
through  external  compensation;  the  effect  of  the  ^/-component 
is  annulled  outside  the  molecule  by  the  /-component.  Racemic 
acid  can  be  separated  into  its  components  in  various  ways,  for 
instance  by  crystallising  the  sodium  ammonium  salt  at  tem¬ 


peratures  below  270,  when  a  mixture  of  left-  and  right-handed 
lopsided  crystals  is  formed;  they  are  mirror  images  (see  figure) 
which,  when  picked  out  by  hand  and  separately  dissolved, 
furnish  dextro-rotatory  and  lne vo-rotatory  solutions  of  the  corre¬ 
sponding  tartrates.  Mesotartaric  acid  cannot  be  so  separated, 
as  all  the  molecules  are  similar.  This  formation  of  crystals 
as  mirror  images  is  however  rare,  but  a  separation  of  a  d,l- 
mixture  can  be  accomplished  quite  generally  by  temporary 
combination  with  an  optically  active  reagent.  Thus,  if  racemic 
acid  is  made  to  combine  with  an  optically  active  base,  two 
different  salts  result;  they  are  not  mirror  images;  they  have 
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different  solubilities  and  can  be  separated  by  fractional  crystal¬ 
lisation.  From  these  two  salts  the  d-  and  /-  tartaric  acids  can 
then  be  liberated. 

acids  .  .  dA  /A.  .  .  mirror  images ;  equal  solubility, 

salts  .  .  dA/B  l A  IB  .  .  not  mirror  images ;  unequal  solubility. 

The  principle  of  this  “resolution”  of  a  racemic  substance 
may  be  illustrated  by  an  analogy.  A  left  hand,  grasping  a 
tennis  racket,  constitutes  a  complex  which  is  still  the  mirror 
image  of  right  hand  -f  racket.  More  asymmetrical,  a  left 
hand  holding  an  (asymmetric)  golf  club  is  not  the  mirror  image 
of  a  right  hand  -f-  the  same  club.  The  hands  represent  the 
two  constituents  of  racemic  acid,  the  golf  club  the  optically 
active  base. 

Adopting  the  conventional  projection  formulae,  the  various 
forms  of  tartaric  acid  may  be  represented  thus  : 


Racemic 

COOH  COOH  COOH 

HCOH  HOCH  HCOH 

HOCH  HCOH  HCOH 

•  •  • 

COOH  COOH  COOH 

d-  and  /-Tartaric  Mesotartarie. 


As  was  stated  on  p.  95  the  constitutions  there  ascribed  to  maleic 
and  fumaric  acids  are  supported  by  the  behaviour  of  these 


*OH 


G 
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acids  to  alkaline  permanganate.  We  are  now  in  a  position  to 
explain  this  statement.  Dilute  alkaline  permanganate  (see 
Baeyer’s  test  for  unsaturation  p.  63)  adds  two  hydroxyl  groups 
(H20  +  0)  to  a  double  bond,  and  thus  converts  fumaric  and 
maleic  acids  into  forms  of  dihydroxysuccinic.  Now  fumaric 
acid  is  converted  into  d,  /-tartaric  and  maleic  into  mesotartaric 
acid,  which  is  entirely  in  accordance  with  the  space  formulae 
assigned  to  them  (p.  97). 

Let  us  imagine  that  the  two  hydroxyl  groups  are  added 
to  fumaric  acid  on  those  valencies  of  the  double  bond  which 
are  directed  forwards  in  the  formula  on  p.  97,  so  that  the  two 


OH 


Maleic  acid  — Mesotartaric  acid. 


central  carbon  atoms  remain  connected  by  the  valencies  in  the 
background,  marked  by  an  asterisk  ;  in  that  case  an  asymmetric 
molecule  of  tartaric  acid  will  result.  If,  on  the  other  hand,  the 
hydroxyl  groups  are  added  to  the  valencies  marked  by  the 
asterisk,  then  another  asymmetric  molecule  will  be  formed,  the 
mirror  image  of  the  first.  Since  the  two  sides  of  the  double 
bond  have  an  equal  chance  of  taking  up  the  hydroxyl  groups, 
an  equimolecular  mixture  of  d-  and  /-tartaric  acid  will  be  formed. 

With  maleic  acid  the  case  is  different;  the  two  carboxyl 
groups  and  the  two  hydrogen  atoms  are  already  opposite  each 
other;  the  two  hydroxyl  groups  introduced  by  the  perman¬ 
ganate  will  also  be  opposite  each  other,  on  whichever  side  of 
the  double  bond  they  are  added.  Hence  half  of  the  new  molecule 
will  be  the  mirror  image  of  the  other  half ;  there  is  a  plane 
of  symmetry,  and  the  oxidation  product  of  maleic  acid  is 
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mesotartaric.  This  latter  acid  is  represented  both  by  the 
second  and  the  third  of  the  preceding  formulae ;  the  third 
is  merely  the  second  turned  upside  down. 

Dextrotartaric  acid  is  the  ordinary  acid  of  commerce. 
During  the  fermentation  of  grape  juice  to  wine,  a  deposit  of 
crude,  sparingly  soluble  potassium  hydrogen  tartrate  is  formed, 
which  can  be  purified  through  the  calcium  salt ;  the  latter  is 
nearly  insoluble  in  water,  and  is  decomposed  by  sulphuric  acid. 

Free  tartaric  acid  is  readily  soluble  in  water  and  in  alcohol 
but  not  in  ether.  It  melts  at  165°  with  decomposition  and 
at  a  higher  temperature  develops  an  odour  of  burnt  sugar. 
Heating  with  concentrated  sulphuric  acid  causes  the  evolution 
of  carbon  monoxide  and  carbon  dioxide,  and  liberation  of  the 
excess  of  free  carbon.  This  charring  is  characteristic  of  the 
sugars,  which  also  contain  a  number  of  HCOH  groups. 
Normal  potassium  tartrate  is  readily  soluble  in  water,  but  the 
acid  salt,  of  which  a  pure  form  is  known  as  cream  of  tartar, 
requires  at  room  temperature  200  parts  of  water  for  solution. 
Since  the  corresponding  sodium  salt  is  readily  soluble,  the  latter 
can  be  used  as  a  test  for  potassium  ions  (provided  these  ions 
are  present  in  sufficient  concentration).  Potassium  sodium 
tartrate  or  Rochelle  salt,  KNaC4H406,4H20,  crystallises  well 
and  is  much  used,  for  instance  as  a  component  of  Fehling’s 
solution.  Since  this  solution  is  decomposed  on  keeping,  it  is 
usually  made  as  required  by  mixing  equal  volumes  of  alkaline 
tartrate  solution  Rochelle  salt  +  sodium  hydroxide)  with 
a  solution  of  copper  sulphate.  The  cupric  hydroxide  which 
in  absence  of  that  tartrate  would  be  precipitated,  remains 
dissolved  as  a  deep  blue  complex  ion.  Fehling’s  solution  may 
thus  for  practical  purposes  be  regarded  as  an  alkaline  solution 
of  cupric  oxide.  When  boiled  with  certain  easily  oxidisable 
compounds,  such  as  grape  sugar,  it  loses  its  blue  colour  and 
forms  a  red  deposit  of  cuprous  oxide.  This  reaction  is  to  some 
extent  analogous  to  the  reduction  of  ammoniacal  silver  nitrate ; 
the  copper  being  a  base  metal  is,  however,  not  liberated  as 
such,  but  only  reduced  to  a  lower  oxide.  Potassium  antimonyl 
tartrate  or  tartar  emetic,  K(Sb0)C4H406,  is  the  common 
medicinal  preparation  of  antimony.  It  should  be  noted  that 
the  second  hydrogen  is  replaced,  not  by  antimony  itself, 
but  by  the  univalent  antimonyl  group  -SbO  of  which  the 
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oxy-chloride  SbOCl  is  an  insoluble  derivative.  Antimony  ions 
can  only  exist  in  strongly  acid  solution. 

Citric  acid  is  a  monohydroxy-tricarboxylic  acid,  occurring 
in  many  fruits,  and  prepared  from  the  juice  of  unripe  lemons. 

CH2.COOH 
HOC. COOH 
CH2.COOH 

As  the  formula  shows,  the  acid  is  optically  inactive.  It  is  very 
soluble  in  water.  Some  citrates  are  used  in  medicine. 
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Some  of  the  oxygen  compounds  already  considered  have 
analogues  in  which  the  oxygen  is  replaced  by  sulphur.  Just  as 
ordinary  alcohols  can  be  prepared  by  hydrolysis  of  their  esters 
with  potassium  hydroxide,  so  the  thio-alcohols  are  formed  by 
carrying  out  the  hydrolysis  with  potassium  hydrogen  sulphide, 
the  sulphur  analogue  of  the  hydroxide.  The  ester  to  be 
“ hydrolysed  ”  may  be  an  alkyl  halide;  in  this  particular  case 
ethylsulphuric  acid  is  also  very  suitable.  It  is  employed  as  the 
potassium  salt,  which  is  heated  with  potassium  hydrogen  sulphide : 

KC2H5 .  S04  +  KSH  =  K2S04  +  C2H5SH 
C2H5I  +  KSH  =  KI  +  C2H5SH 


The  thio-alcohols  are  slightly  acidic  and  form  not  only  sodium 
and  potassium  derivatives,  but  also  combine  readily  with  heavy 
metals,  particularly  with  mercury.  Hence  they  are  called 
mercaptans  ( corpus  mercurio  aptuni).  Mercury  ethyl  mercaptide, 
for  example,  is  (C2H5S)2Hg.  Hydrogen  sulphide  is  much  more 
volatile  than  water,  and  the  mercaptans  are  liquids  of  a  lower 
boiling  point  than  that  of  the  corresponding  alcohols ;  their 
odour  is  even  more  offensive  than  that  of  hydrogen  sulphide. 
Unlike  oxygen,  sulphur  can  become  hexavalent  by  oxidation, 
and  accordingly  the  mercaptans  are  oxidised  (by  nitric  acid)  to 
an  acid,  which  is  related  to  sulphuric  acid. 


CHS.C— S.H  +  3(0)  = 
H 


CH3 


.C-S.OH 


SULPHIDES 


IOI 


The  acid  is  called  ethanesulphonic.  It  should  be  carefully 
distinguished  from  ethylsulphuric  acid,  which  contains  an 
additional  oxygen  atom,  between  carbon  and  sulphur.  In 
sulphonic  acids  these  two  elements  are  directly  united,  and 
cannot  therefore  be  separated  by  hydrolysis,  as  is  the  case  with 
the  alkyl  sulphuric  acids. 

A  second  category  of  oxygen  compounds  already  dealt  with 
have  sulphur  analogues  in  the  thio-ethers,  in  which  a  sulphur 
atom  is  joined  to  two  alkyl  groups.  They  are  prepared  by 
acting  on  alkyl  halides  with  potassium  sulphide  (instead  of  with 
potassium  hydrogen  sulphide,  as  above). 

2C2H5I  +  K2S  =  C2H5.S.C2H5  +  2KI 
The  following  reaction  will  also  suggest  itself: 

C2H5I  +  NaSC2H5  =  C2H6 .  S  .  C2H5  +  Nal 

Oil  of  garlic  is  diallyl  sulphide,  (CH2 :  CH  .  CH2)2S.  Like  the 
bivalent  sulphur  of  mercaptans,  that  of  sulphides  may  also  be 
oxidised  to  the  hexavalent  condition,  in  which  case  neutral 
substances  result,  the  sulphones  : 

O 

C2H5.S.C2H5  +  2O  =  c2h5.s.c2h5 

6 

Sulphonal,  one  of  the  first  synthetic  drugs  to  be  introduced  into 
medicine,  is  a  complicated  disulphone,  (CH3)2 :  C  :  (S02C2H5)2. 
It  has  been  replaced  by  other  more  soluble  and  better  hypnotics. 


THE  CARBOHYDRATES 

NAMES  AND  STRUCTURE  OF  SIMPLE  SUGARS 


We  have  now  to  consider  the  second  of  the  three  great 


groups  of  foodstuffs  (the  others  being  the  fats  and  proteins). 
The  carbohydrates  are  the  chief  constituents  of  plants  and 
indeed  make  up  the  bulk  of  organised  matter.  Cane  sugar, 
starch  and  cellulose  are  familiar  examples.  In  animals  but  few 
carbohydrates  are  present,  and  in  relatively  small  amount,  but 
they  are  nevertheless  very  important  in  metabolism. 

As  a  point  of  departure  for  the  study  of  this  group  we 
select  the  two  alcohols,  glycol  and  glycerol,  already  dealt 
with  (pp.  65-67). 


H 

H 

H.C.OH 

H.C.OH 

H.C.OH 

H.C.OH 

H.C.OH 

H 

H 


H 

H.C.OH 

H.C.OH 

• 

H.C.OH 

H.C.OH 

• 

H.C.OH 

• 

H.C.OH 

H 


Glycol 


Glycerol 


Mannitol. 


These  alcohols  have  a  number  of  homologues  which  differ 
from  them  by  additional  CPIOH  groups;  the  best  known  is 
one  with  six  carbon  atoms,  mannitol,  C(.H1406.  It  occurs  in 
the  juice  of  the  manna  ash  ( Fraxinns  ornus )  ;  the  dried  juice 
constitutes  commercial  manna  and  consists  largely  of  mannitol, 
a  sweet  crystalline  substance,  readily  soluble  in  water. 

It  will  be  seen  that  but  for  the  two  hydrogen  atoms  at  the 
ends  of  the  chain,  the  hydrogen  and  oxygen  of  these  polyhydric 
alcohols  are  in  the  same  proportion  as  in  water.  They  all  have 
a  sweet  taste  and  are  readily  soluble;  they  are  indeed  closely 
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related  to  the  simplest  carbohydrates,  the  sugars,  which  differ 
from  these  alcohols  in  having  two  hydrogen  atoms  less ;  hence 
in  the  sugars  (and  carbohydrates  generally)  there  are  exactly 
two  hydrogen  atoms  for  every  oxygen  atom  in  the  molecule, 
so  that  the  latter  is,  as  it  were,  built  up  of  carbon  and  water; 
hence  the  name  carbohydrate.  This  term  is  not  quite  perfect, 
for  there  is  no  analogy  to  such  a  hydrate  as  blue  copper 
sulphate,  which  can  be  made  by  adding  water  to  the  white 
anhydrous  salt.  It  is  of  course  impossible  to  obtain  sugar 
by  directly  adding  water  to  carbon  ;  the  converse  removal  of 
the  elements  of  water,  by  warming  sugar  with  concentrated 
sulphuric  acid  does,  however,  liberate  some  carbon  and  causes 
charring  in  all  carbohydrates.  (Tartaric  acid,  which  in  its 
central  carbon  atoms  partakes  of  the  same  nature,  also  chars 
readily  ;  oxalic  acid  does  not.) 

The  loss  of  two  hydrogens  from  the  polyhydric  alcohols 
is  a  dehydrogenation,  either  to  an  aldehyde  or  to  a  ketone, 
and  the  simplest  sugars  are  therefore  distinguished  as  aldoses 
and  ketoses,  z>.,  hydroxy-aldehydes  and  hydroxy-ketones.  In 
the  case  of  glycol,  a  primary  alcohol,  the  above  loss  of 
two  hydrogen  atoms  can  only  result  in  glycollic  aldehyde, 
CH2OH.CHO  or  C2H402,  which  may  be  regarded  as  the 
simplest  sugar.  Glycerol,  which  is  a  secondary  as  well  as 
a  primary  alcohol,  yields  besides  glyceric  aldehyde,  also 
dihydroxy-acetone,  both  c3h6o3. 

H 

H.C.OH 
C  :  O 

I 

H.C.OH 
H 

Dihydroxy-acetone. 


H 

H.C.OH 
H.C.OH 
H  .  C  :  O 

Glyceric  aldehyde 


Simple  sugars  are  further  known  with  four,  five  and  six 
carbon  atoms  and  it  is  convenient  to  distinguish  these  as 
tetroses,  pentoses,  hexoses,  etc.  Glycollic  aldehyde  is  the 
only  diose  ;  glyceric  aldehyde  and  dihydroxy-acetone  are  the 
two  trioses.  Biologically  the  pentoses  claim  some  interest 
(see  p.  126),  but  the  hexoses  are  by  far  the  most  important, 
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and  we  will  limit  our  attention  chiefly  to  them  ;  they  are  then 
substances  of  the  formula  C6H1206,  and  either  aldehydes  or 
ketones. 

It  might  be  thought  that  there  is  only  one  aldohexose  of 
the  constitution 

H 

H.C.OH 


H.C.OH 
H.C.OH 
H.C.OH 
H.C.OH 
H  .  C  :  O 


and  all  aldohexoses  have  indeed  this  structural  formula.  It 
will  be  seen,  however,  that  all  the  four  central  carbon  atoms 
are  asymmetric  and  thus  give  rise  to  many  stereochemical 
arrangements  (so  called  configurations). 

The  stereochemistry  of  lactic  acid  is  simple.  That  of  the 
tartaric  acids,  with  two  asymmetric  carbon  acorns,  is  already 
more  complicated  ;  there  we  encountered  an  optically  inactive 
symmetrical  form  in  mesotartaric  acid.  Dihydroxy-acetone  is 
also  symmetrical,  but  in  the  aldoses  the  aldehyde  group, 
at  one  end  only,  makes  the  molecule  asymmetrical.  One 
asymmetric  carbon  atom  allows  of  two  possible  arrangements 
in  space,  so  that  there  are  two  forms  of  glyceric  aldehyde, 
laevo-  and  dextrorotatory.  Each  of  these  can  be  converted 
into  an  aldotetrose,  with  a  second  asymmetric  carbon  atom, 
again  with  two  possible  arrangements,  so  that  the  two  forms 
of  glyceric  aldehyde  yield  2x2=4  aldotetroses.  Each 
aldotetrose  furnishes  two  aldopentoses,  each  aldopentose  two 
aldohexoses,  so  that  there  are  2x2x2  aldopentoses  and  24  =  16 
aldohexoses.  (In  general  for  n  asymmetric  carbon  atoms  the 
number  of  configurations  is  2n .) 


ALDOHEXOSES 

Of  the  sixteen  aldohexoses  one  only  is  of  outstanding 
importance.  It  is  known  as  glucose  (Gk.  glukus ,  sweet;  it  is 
less  sweet  than  cane  sugar) ;  because  it  rotates  the  plane  of 
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polarised  light  to  the  right,  it  is  called  d-glucose  and  dextrose ; 
it  is  also  known  as  grape  sugar.  Glucose  occurs  in  many 
other  fruits;  it  is  formed  by  the  hydrolysis  of  starch  and 
cellulose ;  it  occurs  in  the  blood,  normally  to  the  extent  of 
about  o-i  per  cent.;  an  adult  with  5  litres  of  blood  has 
therefore  about  5  grams  of  glucose.  It  cannot  be  oxidised 
by  the  diabetic,  so  that  it  passes  into  the  urine  in  diabetes 
mellitus  (Gk.  dia>  through,  baind ,  go ;  to  pass  through  the 
kidney.  L.  met,  honey  ;  honey-sweet). 

Glucose  crystallises  from  aqueous  solution  with  a  molecule 
of  water ;  the  hydrate  C6H1206,  H20  melts  at  about  86°.  The 
anhydrous  substance,  crystallised  from  alcohol,  has  a  much 
higher  melting  point  ( 1 45 °).  Glucose  is  less  than  half  as  sweet  as 
cane  sugar.  It  dissolves  in  cold  concentrated  sulphuric  acid  to  a 
colourless  solution  (cane  sugar  becomes  brown  even  in  the  cold). 

Galactose  (Gk.  gala-aktos,  milk)  is  a  much  less  important 
aldohexose  and  does  not  occur  in  the  free  state,  but  is  only 
formed,  along  with  other  substances,  by  the  hydrolysis  of  milk 
sugar,  of  the  cerebrosides  of  the  brain,  and  of  certain  vegetable 
products. 

Mannose,  a  third  aldohexose,  chiefly  results  from  the 
hydrolysis  of  certain  complex  carbohydrates.  It  is  only 
mentioned  here  because  it  can  be  reduced  to  mannitol,  which 
alcohol  therefore  has  not  the  same  configuration  as  glucose ; 
glucose  on  reduction  yields  another  hexahydric  alcohol,  stereo- 
isomeric  with  mannitol  and  called  sorbitol. 

The  configurations  of  all  possible  aldohexoses  have  been 
determined ;  the  way  in  which  they  are  arrived  at  is  quite 
beyond  the  scope  of  this  book  ;  some  results  are  given  below 
merely  for  the  purpose  of  illustration. 
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Thus  galactose  differs  from  glucose  in  the  arrangement  of 
the  y  carbon  atom,  and  mannose  in  that  of  the  «  carbon 
atom. 

The  aldohexoses  all  have  five  alcoholic  hydroxyl  groups 
and  are  therefore  capable  of  being  esterified  with  five  molecules 
of  an  acid,  forming  for  instance  a  penta-acetyl  derivative. 

H2C.OOC.CH3 
HC.OOC.CHg 
HC.OOC.CH3 
HC.OOC.CH3 
HC.OOC.CHg 
HC  :  O 


Gluconic  acid  is  the  first  oxidation  product  of  glucose  and 
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HO.C.H 
HO.C.H 
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COOH 

Gluconic  acid. 


COOH 
HO.C.H 
HO.C.H 
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Glycuronic  acid. 


glycuronic  acid  is  an  aldehyde-acid  in  which  the  terminal 
alcoholic  group  of  glucose  has  been  oxidised  to  a  carboxyl, 
while  the  aldehyde  group  is  preserved.  This  acid  is  utilised 
by  the  body  for  the  elimination  of  certain  substances,  such  as 
phenol,  chloral,  menthol,  camphor  and  hydroxy-indole,  which 
are  rendered  more  soluble  by  combination  with  glycuronic  acid, 
and  so  pass  into  the  urine. 


KETOHEXOSES 

The  oxidation  of  mannitol  to  a  ketose  might  result  in  two 
structural  isomers,  according  as  one  of  the  middle  hydroxyls 
(3  or  4)  or  one  of  those  adjoining  the  ends  (2  or  5)  is  converted 
into  a  ketone  group.  We  are  only  concerned  with  the  second 
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case ;  the  only  ketohexose  which  we  need  consider  is  laevulose 
or  fructose. 
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As  one  name  implies,  this  sugar  turns  the  plane  of  polarised 
light  to  the  left  (it  has  three  asymmetric  carbon  atoms).  The 
other  name  is  in  allusion  to  its  occurrence  in  many  fruits. 
Fructose  is  best  prepared  by  the  hydrolysis  of  pure  inulin,  a 
complex  carbohydrate.  It  is  very  soluble  in  water,  and  can  only 
be  crystallised  with  difficulty.  It  is  often  called  ^/-fructose, 
which  does  not  mean  that  it  is  dextro-rotatory,  but  that  its 
configuration  is  the  same  as  that  of  (three  carbon  atoms  of) 
^-glucose.  The  configuration  of  ^-glucose  is  the  arbitrary 
starting  point,  to  which  all  others  are  referred. 


THE  DISACCHARIDES 


The  sugars  which  have  been  mentioned  so  far  represent 
units  from  which  other  carbohydrates  are  built  up.  These 
more  complex  carbohydrates  are  all  anhydrides,  formed  from 
the  simplest  units  by  loss  of  water.  For  example,  cane  sugar 
is  made  up  of  one  molecule  of  glucose  and  one  of  fructose;  by 
hydrolysis  it  can  be  converted  into  its  constituent  hexoses : 


C12H22°11  +  H20 
Cane  sugar 


^6-^-12^6  T  C6H]206 

Glucose  Fructose. 


The  hydrolysis  of  raffinose  yields  three  molecules  of  hexose  : 


^js^-32^16  T  2 H2O  —  C6H1206  +  C6H1206  +  c6h12o6 

Raffinose  Glucose  Fructose  Galactose. 


A  molecule  of  starch  yields  a  very  large  (unknown)  number  of 
glucose  molecules : 


(C6Hi0O5)tt  +  n  H20  =  «CgH1206 


These  more  complicated  carbohydrates  are  conveniently  dis¬ 
tinguished  as  disaccharides  (eg.  cane  sugar),  trisaccharides 
(eg.  raffinose)  or  polysaccharides  (eg.  starch).  Their  con¬ 
stituent  units  may  be  called  monosaccharides.  Thus  starch 
is  a  polysaccharide,  built  up  from  many  molecules  of  the 
monosaccharide  glucose. 

Of  disaccharides  we  need  only  consider  three  :  milk  sugar 
or  lactose  is  limited  to  animals,  cane  sugar  or  sucrose  and  malt 
sugar  or  maltose  are  limited  to  plants.  All  have  the  formula 
Ci2H22On  ;  they  are  hydrolysed  as  follows  : 

^12^22^11  +  H20  =  C6H120(3  +  C6H1206 
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CANE  SUGAR 

Cane  sugar,  sucrose  (F.  sucre)  or  saccharose  (Gk.  sakkharon ) 
occurs  in  the  sap  of  the  sugar  cane,  sugar  beet,  sugar  maple 
and  of  many  other  plants.  The  substance  did  not  become 
common  until,  after  the  discovery  of  America,  the  sugar  cane 
was  extensively  cultivated  in  the  West  Indies;  its  sap  contains 
18-20  per  cent,  of  sucrose.  The  manufacture  of  sucrose  from 
beet  began  in  Germany  towards  the  end  of  the  eighteenth 
century,  received  a  temporary  fillip  through  Napoleon’s 
continental  system,  but  did  not  flourish  until  about  1830  in 
France  and  in  Germany  a  decade  later.  As  a  result  of  selective 
breeding  the  sugar  content  of  the  beet  has  been  raised  con¬ 
siderably,  to  about  1 7  per  cent.  At  the  present  time  some 
beet  sugar  is  also  being  produced  in  Britain,  with  a  large 
subsidy  from  public  funds.1 

The  preparation  of  sugar  from  the  cane  is  comparatively 
simple  and  was  long  carried  out  in  primitive  fashion.  The 
expressed  juice  already  constitutes  a  comparatively  pure, 
concentrated  sugar  solution,  from  which  a  little  albuminous 
material  and  plant  acids  are  precipitated  by  boiling  with  milk 
*of  lime.  After  concentrating  the  solution  in  vacuo  it  is  allowed 
to  crystallise,  and  yields  yellow  or  brown  “Demerara”  sugar. 
The  mother  liquor,  known  as  molasses,  is  still  very  rich  in 
sugar.  It  is  fermented  locally,  yielding  rum,  or  is  used  for 
feeding  cattle.  The  refining  of  crude  sugar  is  a  separate 
industry,  chiefly  carried  out  in  Britain  and  in  the  United 
States ;  the  colouring  matter  is  mainly  removed  by  charcoal 
and  the  final  product  is  almost  chemically  pure,  and  is 
probably  made  on  a  larger  scale  than  any  other  pure  organic 
substance. 

The  preparation  of  the  same  material  from  sugar  beet  is  a 
more  complicated  process.  The  sliced  beet  has  to  be  extracted 
with  hot  water,  and  more  impurities  accompany  the  sugar  than 
in  the  case  of  the  cane.  After  the  first  crystallisation,  the 

1  According  to  the  New  Statesman  and  Nation ,  2nd  April  1932, 
^27,295,000  had  been  spent  on  subsidy  and  duty  preference  since  their 
institution,  and  1,318,052  tons  of  sugar  have  been  produced,  which  could 
have  been  bought  for  £8,000,000.  Efficient  working  in  the  tropics  yields 
6  tons  per  acre,  in  this  country  1-2  tons. 
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molasses  are  treated  with  strontium  hydroxide,  which  results 
in  the  crystallisation  of  a  strontium  compound  of  sugar,  from 
which  the  latter  is  liberated  by  carbon  dioxide.  In  spite  of 
these  difficulties  the  world  production  of  sugar  from  beet 
has  surpassed  that  from  cane.  Cane  sugar  melts  at  i6o°  with 
decomposition,  and  is  transformed  at  200-220°  into  a  brown 
substance,  caramel,  which  is  no  longer  sweet.  This,  or  a 
similar  substance,  imparts  a  brown  colour  to  toast  and  to  stout 
Cane  sugar  is  turned  brown  even  by  cold  concentrated  sulphuric 
acid  (distinction  from  glucose).  At  room  temperature  water 
dissolves  twice  its  weight  of  cane  sugar;  the  aqueous  solution 
is  dextrorotatory.  Like  other  sugars,  sucrose  combines  with 
the  hydroxides  of  the  alkali  metals  and  alkaline  earths  to  form 
so-called  sucrates : 

^12-^22^11  Ca(OH)2  =  C12H21OnCaOH  +  H20 

Calcium  sucrate  is  much  more  soluble  than  calcium  hydroxide, 
and  advantage  is  taken  of  this  fact  in  preparing  the  liquor 
calcis  saccharatus  of  the  Pharmacopoeia,  which  contains  about 
ten  times  as  much  lime  as  does  lime  water.  A  much  less 
soluble  distrontium  sucrate  is  used  in  the  manufacture  of  beet 
sugar  (see  above  ;  soluble  barium  salts  are  poisonous). 

Inversion  of  cane  sugar. — Dilute  sulphuric  acid  hydrolyses 
cane  sugar  slowly  in  the  cold,  rapidly  on  warming,  to  its  two 
constituent  units,  dextrose  (  =  glucose)  and  laevulose  (  =  fructose). 

C12H22°11  +  H20  =  C6H12Od  +  C6H1206 

Sucrose  Glucose  Fructose. 

[<x]d  +  66-5°  +  52-5°  ~92'3° 

The  original  cane  sugar  solution  is  dextrorotatory  and  it 
might  be  thought  that  the  opposite  rotations  of  dextrose  and 
laevulose  would  cancel  out,  so  that  the  solution  would  ultimately 
become  inactive.  Dextrose  and  laevulose  are,  however,  not 
mirror  images  (they  are  not  even  structurally  identical) ;  their 
rotatory  power  is  not  only  different  in  direction  but  also  in 
magnitude.  Now  laevulose  rotates  more  strongly  to  the  left 
than  dextrose  to  the  right.  Hence  the  mixture  of  equal 
quantities  of  these  two  monosaccharides  is  laevorotatory, 
and  during  hydrolysis  the  dextrorotation  of  cane  sugar  is 
replaced  by  one  in  the  opposite  direction.  The  direction  of 


MALTOSE 
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the  rotation  is  inverted  ;  the  hydrolysis  of  cane  sugar  is  there¬ 
fore  called  inversion  and  the  mixture  of  equal  parts  of  dextrose 
and  laevulose  is  known  as  invert  sugar.  Chemically  the 
hydrolysis  consists  in  the  separation  of  two  chains  of  six  carbon 
atoms  which  are  united  by  a  bridge  oxygen  atom  ;  it  is  there¬ 
fore  the  hydrolysis  of  an  ether. 


C6Hn05  O— C6Hn05 


H 


OH 


Usually  ethers  are  only  hydrolysed  by  concentrated  acids,  in  a 
somewhat  different  way,  e.g. 

C2H5— O— C2H5  +  HI  -  C2H5I  +  HOC2H5 

but  the  saccharides  are  peculiar ;  they  are  loaded  with  hydroxyl 
groups,  and  are  less  stable.  The  acid  which  brings  about  their 
hydrolysis  does  not  enter  into  the  reaction  products,  and 
therefore  acts  in  a  purely  catalytic  fashion.  In  equivalent 
concentration  hydrochloric  and  nitric  acids  act  about  twice  as 
fast  as  sulphuric,  and  the  inversion  of  cane  sugar,  observed  in  a 
polarimeter,  is  a  means  of  determining  the  strength  of  an  acid. 
At  any  given  temperature  the  rate  of  inversion  depends  merely 
on  the  concentration  of  hydrogen  ions  in  solution.  We  might 
say  that  the  inversion  is  catalysed  by  hydrogen  ions. 

It  is  also  brought  about  by  a  specific  catalyst,  the  enzyme 
invertase  of  yeast.  The  most  rational  nomenclature  of 
enzymes  is  to  name  them  as  far  as  possible  after  the  substances 
on  which  they  act,  their  substrates.  Accordingly  invertase  is 
also  conveniently  called  sucrase.  The  presence  of  invertase 
(or  sucrase)  in  yeast  brings  about,  that  cane  sugar  undergoes 
alcoholic  fermentation  in  the  same  way  as  glucose. 


MALTOSE 

Maltose  or  malt  sugar,  C12H22On,  is  isomeric  with  cane  sugar 
and  is  hydrolysed  by  acids  and  certain  enzymes  to  two  mole¬ 
cules  of  glucose.  In  malt  this  sugar  is  formed  by  the  incomplete 
hydrolysis  of  starch,  by  means  of  the  enzyme  amylase  (L. 
amylum ,  starch).  An  amylolytic  enzyme  or  mixture  of 
enzymes  is  often  called  diastase.  This  name  was  applied  to 
the  first  enzyme  preparation  (1833),  obtained  by  precipitating 
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malt  extract  with  alcohol.  For  the  reason  indicated  above 
under  sucrase,  the  name  diastase  had  better  be  dropped.  In 
French  it  is  still  used  as  a  synonym  for  enzymes  in  general. 


Seeds,  such  as  those  of  barley,  contain  as  reserve  material 
starch,  a  complex  colloidal  polysaccharide  which  cannot  diffuse 
through  the  cell  walls.  When  on  germination  material  has  to 
be  conveyed  from  the  seed  to  the  growing  points  of  shoot  and 
root,  the  starch  is  mobilised' by  being  broken  down  to  a  simpler 
substance  maltose,  which  can  diffuse  through  the  cell  walls. 
Hence  the  young  barley  plant  contains  both  amylase  and  the 
product  of  its  action,  maltose.  Similarly  starch  cannot  pass 
as  such  from  the  intestine  into  the  tissues  of  the  body ;  it  has 
to  be  broken  down  by  digestion.  In  accordance  with  the 
outstanding  importance  of  starch  as  a  food,  this  digestion 
already  begins  in  the  mouth  ;  the  saliva  contains  an  amylase, 
ptyalin,  which  attacks  starch  during  the  process  of  chewing. 
(The  digestion  of  fats  and  proteins  is  limited  to  the  stomach 
and  intestine.)  A  second  amylase  is  contained  in  the  pancreatic 
juice,  by  which  the  digestion  of  starch  is  completed. 

Maltose  itself  is  hydrolysed  by  the  enzyme  maltase,  which 
is  absent  from  germinating  barley.  It  occurs  in  the  blood  and 
in  various  tissues ;  hence  the  sugar  of  the  blood  is  not  maltose 
but  glucose.  Maltase  is  also  present  in  yeast,  and  particularly  in 
the  mixed  enzyme  preparation  obtained  from  the  fungus  Asper¬ 
gillus  oryzce  and  known  as  “Taka-diastase.”  The  hydrolysis 
of  starch  and  of  maltose  is  readily  brought  about  by  acids, 
which  are,  however,  non-specific  catalysts,  so  that  in  their  case 
the  reaction  passes  through  the  intermediate  stage  of  maltose, 
and  glucose  is  the  product. 


Starch 


Amy]ase- ;  Maltose  Maltase- 


^  Glucose 


Acids. 


Maltose  is  a  sweet  crystalline  substance;  its  solutions  are 
dextrorotatory. 
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LACTOSE 

Lactose  (L.  lac-tis ,  milk)  or  milk  sugar  is  the  carbohydrate 
food  of  young  mammals.  Human  milk  contains  6-5-7  per  cent., 
cow’s  milk  4-5-5  per  cent,  (in  the  milk  of  both  species  this 
carbohydrate  is  more  abundant  than  either  fat  or  protein). 
Lactose  seems  to  be  absent  from  plants ;  pure  baker’s  yeast 
which  can  hydrolyse  and  ferment  the  vegetable  disaccharides 
sucrose  and  maltose,  hardly  attacks  lactose.  Lactose  occa¬ 
sionally  appears  in  the  urine,  where  it  can  be  distinguished 
from  glucose  by  its  behaviour  towards  yeast.  Milk  sugar  is 
prepared  by  evaporating  whey,  that  is  milk,  from  which  the 
fat  and  protein  have  been  removed  as  cream  and  curd.  It 
crystallises  with  one  molecule  of  water  in  hard,  gritty,  well- 
defined  crystals.  It  dissolves  at  room  temperature  in  17  parts 
of  water  and  is  therefore  much  less  soluble  than  cane  sugar ;  it 
is  also  much  less  sweet.  Cold  concentrated  sulphuric  acid  does 
not  immediately  colour  milk  sugar  as  it  does  cane  sugar.  Milk 
sugar  is  used  exclusively  for  medicinal  purposes,  often  merely 
as  a  diluent  of  drugs.  It  is  hydrolysed  by  acids  to  glucose  and 
galactose : 

C12H,2On  +  h20  =  c6h12o6  +  cgh12og 

Lactose  Glucose  Galactose. 

The  hydrolysis  is  also  brought  about  by  lactase,  present  in 
some  yeasts,  most  abundantly  in  kefir  grains  (see  p.  13). 
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All  the  monosaccharides  have  an  intact  aldehyde  or  ketone 
group  and  are  oxidised  by  a  variety  of  mild  oxidising  agents. 
Typical  ketones  do  not  share  this  property ;  acetone  is  stable 
even  to  potassium  permanganate.  Fructose  is,  however,  a 
ketone  loaded  with  hydroxyl  groups  and  behaves  in  most 
reactions  like  glucose.  Thus  both  glucose  and  fructose  are 
coloured  brown  by  boiling  with  alkali  and  are  converted  into 
substances  analogous  to  aldehyde  resin  (p.  23).  The  mild 
oxidising  agents  which  act  on  these  sugars  are  either  com¬ 
pounds  of  heavy  metals  (copper,  silver,  tungsten,  bismuth, 
mercury)  or  organic  substances  (picric  acid,  certain  dyes). 
Thus  glucose,  like  acetaldehyde,  reduced  ammoniacal  silver 
solution  with  the  formation  of  a  mirror.  In  the  case  of  cupric 
compounds  in  alkaline  solution,  the  reduction  proceeds  only 
as  far  as  cuprous  oxide.  This  oxide  forms  a  colourless  solution 
in  ammonia  which  readily  oxidises  in  air,  so  that  an  ammoniacal 
solution  of  cupric  oxide  is  not  suitable.  The  cupric  oxide  is 
best  dissolved,  as  in  Fehling’s  solution,  by  means  of  potassium 
sodium  tartrate  (Rochelle  salt,  see  p.  99).  On  boiling  this 
reagent  with  glucose,  the  deep  blue  colour  of  the  complex  ion 
is  discharged,  and  a  red  turbidity  of  cuprous  oxide  appears. 
For  practical  purposes  Fehling’s  solution  may  be  considered 
a  solution  of  cupric  oxide  in  alkali ;  it  is  not  an  entirely  specific 
reagent  for  sugars ;  other  substances  reduce  it ;  for  instance 
creatinine  (p.  162)  and  uric  acid  (p.  215)  (both  present  in  normal 
urine)  do  so  on  prolonged  boiling,  and  may  thus  be  mistaken 
for  small  quantities  of  glucose.  Nylander’s  solution  which,  like 
Fehling’s,  contains  Rochelle  salt  and  caustic  soda,  but  bismuth 
subnitrate  instead  of  copper  sulphate,  is  not  reduced  by 
creatinine  nor  by  uric  acid,  but  yields  even  with  small  quantities 
of  glucose  a  black  precipitate  of  metallic  bismuth,  so  that  it  may 
often  be  used  with  advantage. 
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The  fermentation  test  for  sugar  in  urine  is  quite  specific 
and  succeeds  well  if  the  concentration  is  sufficiently  large. 

The  polarimeter  may  be  used  to  detect  glucose  by  its 
dextrorotation  ;  fructose,  /3-hydroxybutyric  acid  and  conjugated 
glycuronic  acids  (p.  106)  are  all  laevorotatory.  If  /3-hydroxy- 
butyric  acid  and  glucose  are  both  present,  the  former  is 
recognised  by  a  laevorotation  after  the  glucose  has  been 
fermented. 

The  investigation  of  the  sugar  group  owes  much  to  a 
general  reagent,  which  may  also  be  used  in  the  special  case 
of  urine.  The  sugars,  with  their  numerous  hydroxyl  groups, 
are  so  readily  soluble  in  water,  that  their  crystallisation  from 
mixtures  is  often  very  difficult  or  impossible.  By  means  of 
phenylhydrazine  all  reducing  sugars  can,  however,  be  converted 
into  characteristic  insoluble  derivatives.  Hydrazine,  as  the 
name  implies,  is  a  compound  of  hydrogen  and  nitrogen  (com¬ 
pare  the  French  name  azote  =  no  life  ;  Gk.  zoos,  living) ;  it  results 
when  two  molecules  of  ammonia  each  lose  a  hydrogen  atom 
and  the  residues  combine  to  form  NH2.NH2;  thus  hydrazine 
is  to  ammonia  as  ethane  is  to  methane.  In  phenylhydrazine 
one  hydrogen  atom  has  been  replaced  by  the  univalent  phenyl 
group  C6H5-  (see  p.  171).  Accordingly  phenylhydrazine  is 
C6H5.NH.NH2.  It  is  a  specific  reagent  for  aldehydes  and 
ketones  with  which  it  forms  so-called  phenylhydrazones  ;  the 
carbonyl  oxygen  combines  with  the  pair  of  hydrogen  atoms 
attached  to  nitrogen.  This  reaction  may  be  illustrated  with 
glucose  and  with  fructose. 


ch2oh 

(CHOH)3 

HCOH 

HC:N.NH.C0H5 

Glucose  phenylhydrazone 


ch2oh 

(CHOH)3 

C:N.NH.CgH5 

ch2oh 

Fructose  phenylhydrazone. 


The  introduction  of  a  heavy  phenyl  group,  devoid  of 
hydroxyl,  makes  the  molecule  less  soluble  in  water,  but  the 
proportion  of  hydroxyl  groups  is  still  so  large,  that  the  phenyl¬ 
hydrazone  of  most  sugars  remains  in  solution.  In  order  to 
produce  a  sufficiently  insoluble  derivative,  an  additional  phenyl¬ 
hydrazine  residue  has  to  be  introduced,  which  takes  place  on 
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heating.  The  phenylhydrazone  already  formed  contains  no 
further  carbonyl  group  with  which  the  reagent  can  react,  but  such 
a  group  is  generated  from  a  hydroxyl  group.  Dehydrogena¬ 
tion  is  brought  about  by  a  second  molecule  of  phenylhydrazine, 
which  is  thereby  reduced  to  aniline  (p.  194)  and  ammonia  : 


CH2OH 

(CHOH)3  +  C6H5.NH.NH2 
HCOH 

HC:N.NH.C6H5 


ch2oh 

=  (CHOH)3  +  c6h5.nh2  +  nh3 

r Aniline 

L :  (J 

HC:N.NH.C6H5 


In  the  case  of  glucose  the  hydroxyl  adjoining  the  aldehyde 
groups  is  oxidised,  in  the  case  of  fructose  it  is  the  terminal 
hydroxyl  next  to  the  ketone  group  which  is  converted  into 
an  aldehyde.  The  newly  formed  carbonyl  groups  immediately 
react  with  a  third  molecule  of  phenylhydrazine,  so  that  both 
from  glucose  and  from  fructose  a  substance  of  the  following 
constitution  results : 

CH2OH 

(CHOH)3 
•  _ 

C  :  N  .  NH  .  C6H5 
HC :  N.NH.  CGH5 

The  proportion  of  hydroxyl  has  now  been  sufficiently  reduced, 
and  the  new  substance,  an  osazone,  separates  as  a  deep  yellow 
precipitate.  The  osazones  can  be  crystallised  ;  their  melting 
points,  solubilities  and  crystalline  appearance  enable  individual 
sugars  to  be  identified  even  in  an  impure  solution,  such  as 
urine. 

It  should  be  noted  that  phenyl  glucosazone  and  phenyl 
fructosazone  not  only  have  the  same  structure,  as  indicated 
above,  but  are  quite  identical ;  this  means  that  the  stereo¬ 
chemical  arrangement  of  the  three  carbon  atoms  included  in 
the  bracket  in  the  above  formulae,  is  the  same  in  both  sugars. 

The  formation  of  an  osazone  takes  place  by  adding  a  salt 
of  phenylhydrazine  to  the  sugar  solution,  and  heating  for  an 
hour  on  the  water  bath.  The  presence  of  mineral  acid  must 
be  avoided,  so  that,  if  phenylhydrazine  hydrochloride  is  used, 
twice  as  much  sodium  acetate  should  be  added  to  neutralise 
the  hydrochloride  liberated  in  the  reaction.  If  free  phenyl- 
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hydrazine  is  available  (a  liquid,  often  dark  in  colour),  it  is 
simply  dissolved  in  an  equal  volume  of  glacial  acetic  acid  and 
added  to  the  sugar  solution.  For  example,  2  grams  of  phenyl- 
hydrazine  in  i*5  c.c.  of  glacial  acetic  acid  and  15  c.c.  of  water, 
is  mixed  with  1  gram  of  glucose  in  5  c.c.  of  water  and  heated 
in  a  water  bath.  The  osazone  begins  to  separate  in  twenty 
minutes. 

It  will  be  seen  that  reducing  properties  and  osazone 
formation  alike  depend  on  the  presence  of  an  aldehyde  or  a 
ketone  group  in  the  sugar.  Such  a  group  is  possessed  by  all 
monosaccharides,  but  in  the  union  of  two  simpler  sugars  to 
a  disaccharide,  both  may  lose  their  carbonyl  group.  This  is 
the  case  with  cane  sugar,  but  not  with  lactose  and  maltose. 
Cane  sugar,  therefore,  does  not  reduce  Fehling’s  solution 
(unless  previously  hydrolysed  by  acids)  and  cane  sugar  does 
not  form  an  osazone. 

In  maltose  and  lactose  one  aldehyde  group  survives;  these 
are  therefore  reducing  sugars  and  they  form  osazones.  Since 
these  osazones  have  more  hydroxyl  groups  than  glucosazone, 
they  are  somewhat  more  soluble  and  can  be  crystallised  from 
hot  water  (glucosazone  from  alcohol  or  pyridine). 

The  quantitative  estimation  of  glucose  in  urine  and  in 
blood  is  of  considerable  medical  importance.  Large  quantities 
in  diabetic  urine  may  be  estimated  by  measuring  the  carbon 
dioxide  produced  on  fermentation  with  yeast.  The  urine  may 
also  be  titrated  with  Fehling’s  solution,  which  for  this  purpose 
is  prepared  by  mixing  equal  volumes  of  (A) :  34-67  grams  of 
CuS04,  5H20  in  500  c.c.  of  water,  and  (B) :  173  grams  of 
Rochelle  salt  +  65  grams  of  sodium  hydroxide  sticks,  also  in 
500  c.c. 

If  the  sugar  solution  has  a  concentration  of  0-5-1  per  cent, 
and  is  run  into  the  boiling  Fehling’s  solution,  1  c.c.  of  the 
latter  requires  about  5  mg.  of  glucose  for  reduction.  Otherwise 
the  sugar  solution  must  be  diluted  or  concentrated,  to  come 
within  the  above  limits. 

The  reaction  does  not  proceed  according  to  a  definite  equa¬ 
tion,  but  under  the  above  conditions  one  molecule  of  glucose  re¬ 
duces  five  molecules  of  cupric  oxide.  Since  CuS04,5  H20  =  249-6, 


one 


litre  of  the  mixed  solution  contains 


34-67 

249-6 


,25 

180 


gram 
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molecules,  and  corresponds  to 


5 

180 


gram  molecules  or  5  grams 


of  glucose,  i.e.  1  c.c.  corresponds  to  5  mg.  The  end  point  of  the 
titration  is  not  easily  determined,  and  since  the  cuprous  oxide 
is  apt  to  undergo  oxidation,  this  reaction  product  is  sometimes 
filtered  off,  reduced  and  weighed  as  copper.  The  amount  of 
copper  is  not  strictly  proportional  to  that  of  glucose,  so  that 
for  accurate  work  special  tables  have  to  be  used.  For  clinical 
estimations  it  is  better  to  use  Benedict’s  solution,  a  modification 
of  that  of  Fehling.  This  solution  keeps  well,  shows  a  good  end 
point  on  titration  and  is  not  reduced  by  creatinine,  uric  acid  or 
chloroform  (the  latter  may  be  added  to  preserve  the  urine). 
200  grams  of  Na2C03,ioH20  (or  100  grams  of  Na2C03), 
200  grams  of  sodium  citrate  and  125  grams  of  potassium 
thiocyanate  are  dissolved  with  the  aid  of  heat  in  enough  water 
to  make  about  800  c.c.,  and  filtered.  Exactly  18  grams  of  pure 
CuS04,5H20  are  dissolved  in  100  c.c.  of  water  and  poured  into 
the  above  solution  with  constant  stirring,  5  c.c.  of  5  per  cent, 
potassium  ferrocyanide  solution  are  added,  and  the  whole  is 
diluted  to  exactly  1  litre.  In  Benedict’s  solution  the  cupric 
oxide  is  held  in  solution  by  citrate,  instead  of  by  tartrate  (as 
in  Fehling’s).  The  complex  ion  with  citric  acid  is  not  reduced 
to  cuprous  oxide,  but  to  white  cuprous  thiocyanate,  CuSCN? 
which  is  precipitated  in  the  presence  of  sodium  carbonate 
(not  of  sodium  hydroxide).  In  order  to  dissolve  any  cuprous 
oxide  which  might  appear,  the  solution  contains  also  a  little 
potassium  ferrocyanide.  The  titration  is  carried  out  by 
measuring  25  c.c.  of  Benedict’s  solution  into  a  moderately  large 
porcelain  basin,  and  adding  10  to  20  grams  of  crystallised  sodium 
carbonate  and  a  small  quantity  of  pumice,  or  a  piece  of  porous 
earthenware  (to  prevent  bumping).  The  reagent  is  boiled 
vigorously  over  a  free  flame  and  the  sugar  solution  is  run  in 
rapidly  until  a  heavy  white  precipitate  is  produced  and  the 
blue  colour  begins  to  diminish  perceptibly.  The  sugar  solution 
is  then  run  in  more  slowly,  with  constant  vigorous  boiling, 
until  the  blue  colour  has  entirely  disappeared.  An  interval 
of  thirty  seconds  between  the  addition  of  successive  drops  of 
sugar  solution  should  be  allowed  towards  the  end  and  water 
may  be  added  to  replace  that  lost  by  evaporation.  The  con¬ 
centration  of  the  sugar  solution  should  be  0-5-1  per  cent,  as 
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in  Fehling’s  method.  Sometimes  the  end  point  is  not  exact 
decolorisation,  but  a  greenish  colour.  25  c.c.  of  Benedict’s 
solution  are  reduced  by  0-05  gram  of  glucose  (or  0-053  gram  of 
fructose).  This  solution  keeps  well  and  provides  a  convenient 
means  of  estimating  sugar  in  urine. 

The  estimation  of  sugar  in  blood  is  much  more  difficult,  on 
account  of  the  great  dilution,  the  small  amount  of  blood 
available  and  the  necessity  of  precipitating  the  large  amount 
of  protein  matter  which  is  present.  It  can  be  carried  out  by 
refined  copper  reduction  (titration)  methods,  and  more  rapidly, 
although  less  accurately,  by  colorimetric  methods.  In  one  of 
the  latter,  due  to  Benedict,  picric  acid  is  added  to  precipitate 
the  proteins,  and  the  excess  is  reduced  to  picramic  acid  which 
has  an  orange  colour. 


THE  POLYSACCHARIDES 


The  most  important  polysaccharides  are  starch,  cellulose 
and  glycogen.  All  these  have  the  empirical  formula  C6H10O5 
and  all  are  ultimately  hydrolysed  to  glucose.  Starch  and 
cellulose  are  most  important  constituents  of  green  plants,  and 
starch  is  one  of  the  principal  foodstuffs  of  man.  Glycogen  or 
“animal  starch”  is  the  reserve  carbohydrate  in  the  liver  and 
muscles  of  animals,  and  occurs  also  in  fungi,  such  as  moulds 
and  yeast. 

Some  less  important  polysaccharides  furnish  other  sugars 
on  hydrolysis.  Thus  inulin,  which  occurs  principally  in  certain 
Composite? ,  e.g.  in  Dahlia  tubers,  yields  fructose ;  mannan 
in  some  seeds  yields  mannose  ;  agar  is  a  galactan  yielding 
galactose.  These  polysaccharides  also  have  the  empirical 
formula  C6H10O5.  The  pentosans,  which  yield  a  pentose  on 
hydrolysis,  have  the  formula  C5H804. 

All  polysaccharides  have  a  high  unknown  molecular 
weight,  so  that  the  formula  of  starch,  for  instance,  must  be 
represented  by  (C6H10O5)%.  This  merely  means  that  in  the 
condensation  of  a  very  large  number  of  glucose  molecules  an 
equal  (or  nearly  equal)  number  of  water  molecules  have  been 
formed.  The  loss  of  water  has  gone  further  than  in  the  case 
of  di-  or  trisaccharides  and  all  aldehyde  groups  have  been 
eliminated  (in  maltose  and  lactose  one  aldehyde  group  survives). 
Hence  the  polysaccharides  do  not  reduce  Fehling’s  solution, 
and  do  not  form  osazones.  Cellulose  is  insoluble  in  water, 
whether  cold  or  hot ;  ordinary  starch  “  dissolves  ”  in  hot  water 
only ;  so-called  soluble  starch  (a  degradation  product)  and 
glycogen  “dissolve”  in  'cold  water,  but  in  every  case  the 
solution  is  not  a  true  one,  but  an  opalescent  colloidal 
suspension,  which  shows  practically  no  depression  of  the 
freezing  point  (so  that  the  molecular  weight  cannot  be 
determined,  or  is  enormously  high).  The  polysaccharides 
are  therefore  colloids. 
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STARCH 

Starch  is  the  first  product  of  carbon  assimilation  which 
can  be  demonstrated  in  a  green  leaf  exposed  to  sunlight. 
According  to  a  plausible  hypothesis,  for  which  there  is  some 
experimental  evidence,  the  water  and  carbon  dioxide  taken 
up  react  with  the  formation  of  formaldehyde,  which  is 
polymerised  to  glucose  and  then  condensed  to  starch. 

H20  +  C02  =  H2C0  +  02 
6H2CO  =  C6H1206 
^C6H1206  =  (C6H10O5),  +  *H20 

The  formation  of  oxygen  and  of  starch  can  readily  be 
demonstrated.  The  starch,  which  is  deposited  in  the  form  of 
granules  in  the  leaf,  may  later  wander  to  depots,  such  as  seeds 
or  tubers,  where  it  is  kept  in  reserve.  This  translocation 
doubtless  takes  place  through  the  intermediate  formation  of 
soluble  sugar. 

The  cheapest  source  of  starch  (as  well  as  of  glucose  and  of 
ethyl  alcohol)  is  in  Europe  the  potato  tuber  ;  wheat,  maize,  rice, 
arrowroot  (tapioca)  and  the  sago  palm  are  also  sources  in 
various  countries.  The  different  forms  can  be  recognised  by 
the  microscopic  appearance  of  the  grains.  The  manufacture  of 
starch  is  an  entirely  mechanical  process,  in  which  the  material 
(potatoes)  is  rasped  to  a  fine  pulp  and  passed  through  sieves 
which  retain  the  cellular  fragments,  but  allow  a  suspension  of 
the  starch  grains  to  pass.  After  these  have  settled,  the  water 
is  run  off  and  the  starch  is  dried  at  a  moderate  temperature, 
which  causes  the  cake  to  break  up  into  irregular  pieces.  By 
heating  starch  in  water  at  6o°-7o°,  the  grains  are  disintegrated 
and  an  opalescent  suspension  of  much  smaller  particles  is 
obtained  (so-called  starch  solution).  If  sufficiently  concentrated^ 
the  solution  sets  on  cooling  to  a  jelly  (starch  paste).  The 
addition  of  iodine  in  potassium  iodide  to  starch,  preferably 
to  a  starch  solution,  produces  a  deep  blue  colour  which  is  much 
used  both  as  a  test  for  starch  and  for  iodine.  It  depends  on 
the  formation  of  a  loose  addition  compound  without  definite 
composition,  which  dissociates  on  heating.  Alcohol  and  other 
organic  solvents  destroy  it  by  dissolving  out  the  iodine.  Since 
on  keeping  a  solution  of  ordinary  starch  becomes  less  sensitive 
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to  iodine  (the  starch  is  deposited  from  the  suspension)  it 
should  be  freshly  prepared  before  use.  Soluble  starch  is 
produced  by  a  very  mild  hydrolysis  of  ordinary  starch,  for 
instance  by  keeping  it  for  some  days  under  cold  dilute 
hydrochloric  acid.  After  the  acid  has  been  washed  out  by 
cold  water,  the  residue  dissolves  on  warming  to  a  clear  solution, 
which  is  used  as  a  reagent  for  iodine.  When  precipitated  from 
solution  by  alcohol,  it  is  even  soluble  in  cold  water,  like 
glycogen. 

Soluble  starch  is  doubtless  first  formed  in  the  hydrolysis  by 
amylase,  but  soon  a  number  of  ill-defined  fission  products 
appear,  the  dextrins,  which  are  ultimately  broken  down  to 
maltose.  They  do  not  seem  to  occur  in  nature  ;  they  readily 
form  colloidal  solutions  in  cold  water.  Erythrodextrin  is 
coloured  red  (Gk.  eruthros )  by  iodine ;  on  further  hydrolysis 
achroodextrin  (Gk.  a ,  not,  and  khroma ,  colour)  is  produced,  which 
is  no  longer  coloured  by  iodine.  Commercial  dextrin  is 
produced  on  a  large  scale  by  heating  starch  to  200°,  and  is 
used  as  an  adhesive,  instead  of  gum.  Dextrin  is  also  formed 
in  the  toasting  of  bread,  and  in  the  ironing  of  starched  linen. 

The  action  of  mineral  acids  on  starch  also  produces  dextrins 
as  intermediate  products,  and  ends  in  glucose.  Commercial 
glucose  is  usually  prepared  by  heating  starch  with  sulphuric 
acid  of  about  i  per  cent.,  until  it  is  no  longer  coloured  by  iodine. 
By  merely  boiling  in  open  vessels  a  syrup  is  obtained  containing 
a  good  deal  of  dextrin,  but  by  heating  under  pressure  in  an 
autoclave  the  hydrolysis  may  be  completed,  so  that  the  glucose 
can  be  crystallised.  Glucose  is  largely  used  in  the  preparation 
of  syrups,  preserved  fruit,  confectionary  and  as  a  source  of 
alcohol  by  fermentation. 

CELLULOSE  AND  ITS  DERIVATIVES 

Cellulose  is  found  in  all  parts  of  the  higher  plants  as  the 
chief  constituent  of  cell  walls,  and  is  familiar  in  an  approxi¬ 
mately  pure  state  as  cotton  wool  and  filter  paper ;  it  is  the 
basis  of  great  industries  (cotton,  linen,  paper,  artificial  silk). 
The  various  uses  of  cellulose  depend  on  its  insolubility,  even  in 
hot  water  ;  it  may  be  the  most  complex  of  the  polysaccharides, 
more  complex  than  starch,  but  the  difference  from  starch  may 
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depend  on  a  difference  of  constitution.  Although  both  are 
ultimately  hydrolysed  to  glucose  by  mineral  acids,  they  yield 
different  disaccharides  (cellobiose,  from  cellulose,  is  an  isomer 
of  maltose).  Cellulose  is  much  less  readily  hydrolysed  than 
starch.  Concentrated  hydrochloric  or  sulphuric  acids  have  to 
be  used  and  the  economic  production  of  glucose  from  wood  is 
an  important,  unsolved  problem.  The  great  resistance  of 
cellulose  to  hydrolysis  is  connected  with  the  rare  occurrence  of 
enzymes  capable  of  hydrolysing  it  (so-called  cytases).  These 
are  almost  limited  to  parasitic  fungi  and  certain  bacteria;  they 
are  not  produced  by  higher  animals.  The  great  development 
of  the  intestinal  canal  in  herbivores,  however,  enables  bacteria  to 
attack  cellulose,  and  some  of  the  products  of  this  digestion  may 
be  absorbed  from  the  intestine ;  others,  like  methane,  carbon 
dioxide  and  hydrogen,  escape.  In  man  the  absorption  from 
the  large  intestine  is  of  little  account,  and  cellulose  is  scarcely 
a  food  material.  The  great  stability  of  cellulose  is  further 
illustrated  by  the  manufacture  of  linen  and  of  wood  pulp.  In 
the  former  case  the  non-cellulose  constituents  of  flax  are 
destroyed  by  bacterial  action  during  retting;  in  the  latter  the 
substances  incrustating  the  cells  of  wood  are  removed  by 
calcium  bisulphite  at  a  high  temperature  ;  in  neither  case  is  the 
cellulose  attacked.  The  method  of  estimating  cellulose  (“crude 
fibre”)  in  foodstuffs  likewise  depends  on  the  destruction  of  all 
other  substances  by  the  energetic  action  of  sodium  hydroxide 
or  sulphuric  acid.  After  washing  away  the  reagents  the 
residual  cellulose  is  weighed.  66  per  cent,  sulphuric  acid  con¬ 
verts  cellulose  into  a  gelatinous  substance  which,  like  starch,  is 
coloured  blue  by  iodine.  Parchment  paper  is  superficially  coated 
with  this  substance,  so  that  the  pores  are  clogged ;  it  is  much 
used  for  dialysis.  (Immersion  for  five  to  twenty  seconds,  according 
to  the  thickness  of  the  paper,  in  a  cold  mixture  of  four  volumes 
of  concentrated  sulphuric  acid  and  one  of  water ;  immediate 
and  thorough  washing;  final  treatment  with  dilute  ammonia.) 
Cellulose  can,  however,  be  readily  converted  into  soluble 
derivatives  by  esterification.  Each  unit  C6H10O5  has  three 
hydroxyls  (the  other  two  oxygen  atoms  form  bridges).  The 
three  hydroxyls  can  be  esterified  with  nitric  acid  in  much  the 
same  way  as  glycerol.  By  treating  cotton  with  a  mixture  of 
concentrated  nitric  and  sulphuric  acids,  cellulose  trinitrate  or 
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gun-cotton,  C6H702(0N02)3,  is  produced.  The  cotton  does 
not  dissolve,  and  after  washing  out  the  acid  and  drying,  has 
its  original  appearance.  When  loose  and  unconfined,  it  burns 
rapidly  with  a  large  flame,  but  when  compressed,  it  explodes 
violently  on  detonation.  It  swells  up  in  acetone  and  ultimately 
dissolves,  so  that  it  can  be  mixed  with  nitroglycerin  (compare 
cordite,  p.  73).  If  the  cotton  is  nitrated  with  acids  containing 
a  little  water,  one  hydroxyl  remains  unesterified,  and  dinitro¬ 
cellulose  or  collodion  is  produced.  It  is  much  less  explosive 
than  gun-cotton,  and  dissolves  in  a  mixture  of  alcohol  and 
ether.  On  evaporation  of  a  thin  layer  of  the  solution,  a 
transparent  continuous  film  results.  Such  films  are  used  in 
surgery  (“new  skin,”  etc.)  and  in  photography ;  collodion  is 
also  used  for  making  dialysing  sacs.  For  this  purpose  a  clean 
test  tube  is  filled  with  the  collodion  solution  and  inverted ; 
after  draining  for  some  time  the  tube  is  soaked  in  water,  and 
then  the  membrane  appearing  on  the  inner  surface  is  carefully 
stripped  off  in  the  form  of  a  sac. 

Collodion  incorporated  with  camphor  by  means  of  a  little 
alcohol,  forms  a  plastic  mass,  which  is  tough  after  drying  and 
is  known  as  celluloid,  a  substitute  for  ivory,  tortoise-shell,  etc. 

The  inflammable  nature  of  cellulose  nitrates  is  a  serious 
drawback  in  the  case  of  cinematograph  films,  celluloid,  etc., 
and  therefore  triacetyl  cellulose,  C6H705(0C  .  CH3)3,  has  largely 
replaced  it  for  such  purposes,  and  as  a  varnish  for  aeroplanes. 

Artificial  silk  or  Rayon. — Generally  this  is  a  modified 
hydrated  cellulose,  formed  into  thin  structureless  threads  and 
precipitated  by  squirting  a  solution  of  a  cellulose  derivative 
through  a  capillary  opening  into  water.  There  are  several 
processes.  The  cellulose  derivative  may  be  a  nitrate,  which 
is  subsequently  reduced  to  cellulose  in  a  bath  of  ammonium 
sulphide.  More  commonly  a  thiocarbonate  (xanthogenate) 
is  employed,  formed  by  treating  cellulose  with  caustic  soda 
and  then  with  carbon  bisulphide.  This  salt  of  an  ester  acid, 
approximately  represented  by  the  formula  C6H904 .  O  .  CS .  SNa, 
is  known  as  viscose.  Its  aqueous  solution  is  pressed  into  an 
acid  salt  bath,  when  cellulose  is  regenerated  in  the  form  of  a 
thread.  A  third  process  consists  in  dissolving  cellulose  itself 
in  a  solution  of  copper  hydroxide  in  ammonia,  known  as 
Schweizer’s  reagent,  and  forcing  this  into  an  acid,  when 
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cellulose  is  precipitated  and  the  copper  oxide  dissolves. 
Acetate  silk,  produced  to  a  minor  extent,  is  not  cellulose  or 
its  hydrate,  but  retains  the  acetyl  groups.  '  Artificial  silk 
resembles  the  natural  product  in  many  ways  but  is  not  so 
strong  when  wet.  The  essential  difference  is  a  chemical  one: 
real  silk  is  a  protein  and  contains  nitrogen. 

GLYCOGEN 

Glycogen  is  the  polysaccharide  of  animals,  and  of  those 
plants  (fungi)  which  are  incapable  of  carbon  assimilation  and 
to  some  extent  resemble  the  animals  in  their  chemistry.  Most 
glycogen  has  been  found  in  yeast  (up  to  30  per  cent,  of  the 
dry  weight).  In  animals  it  is  principally  stored  in  the  liver 
which,  after  a  diet  rich  in  carbohydrates,  may  contain  15  per 
cent,  and  more,  but  usually  contains  only  1  to  4  per  cent. 
Glycogen  is  further  present  in  muscle,  where  it  supplies  the 
energy  for  muscular  contraction.  It  is  formed  from  the  glucose 
circulating  in  the  blood,  and  is  readily  reconverted  into  glucose 
by  hydrolysis.  The  method  of  preparing  glycogen  from  liver 
is  in  principle  the  same  as  the  estimation  of  cellulose  in  plants- 
The  liver  tissue  is  destroyed  by  heating  with  potassium 
hydroxide,  and  the  glycogen,  which  survives  this  treatment, 
is  precipitated  from  the  filtered  solution  by  means  of  alcohol. 
It  is  a  white  amorphous  powder  which  readily  dissolves  in 
cold  water  to  an  opalescent  solution  and  is  not  precipitated 
by  alcohol  unless  some  salts  are  present.  The  solution  gives 
with  iodine  a  reddish  brown  colour  which  disappears  on 
heating,  and  returns  on  cooling.  Fehling’s  solution  does  not 
oxidise  it  until  the  glycogen  has  been  hydrolysed  by  boiling 
with  dilute  acid. 


FURTHER  DETAILS  RELATING  TO 
CARBOHYDRATES 


The  name. — It  would  be  a  mistake  to  define  carbohydrates 
merely  as  substances  containing  hydrogen  and  oxygen  in  the 
proportion  of  water.  Formaldehyde  CH20,  acetic  acid  C2H402 
and  lactic  acid  C3H603,  do  not  belong  to  this  natural  group, 
although  both  formaldehyde  and  lactic  acid  have  a  genetic 
connexion  with  it.  Formaldehyde  is  probably  the  precursor  of 
sugar  and  starch  in  the  green  leaf,  and  lactic  acid  is  formed 
from  glycogen  in  muscle  and  from  lactose  in  sour  milk.  Con¬ 
versely  there  are  substances  which  belong  to  the  carbohydrate 
group,  although  they  do  not  contain  exactly  twice  as  many 
hydrogen  as  oxygen  atoms.  One  such  substance  is  glycuronic 
acid,  C6H10O7,  closely  connected  with  glucose.  Another  is 
rhamnose,  a  methyl  pentose  of  the  formula  CH3.(CHOH)4.  CHO. 

Other  pentoses,  of  the  normal  composition  C5H10O5,  are 
formed  by  the  hydrolysis  of  various  plant  products.  Thus 
arabinose  is  formed  from  gum  arabic,  and  xylose  from  wood, 
bran  and  straw  ;  both  are  aldehydes.  Rarely  a  pentose  appears 
in  the  urine.  Pentoses  can  be  recognised  by  distilling  their 
solution  with  concentrated  hydrochloric  acid,  when  furfuralde- 
hyde  is  produced. 

C5H10O5  =  C4H30 .  CHO  +  3h2o 

Furfuraldehyde  gives  a  red  colour  with  aniline  acetate  and 
other  colour  reactions  (see  p.  206).  Hexoses  do  not  give 
this  test. 

The  pentoses  are  often  formed  from  the  pentosans,  poly¬ 
saccharides  of  the  formula  (C5H804)71,  which  cannot  be  digested 
by  man. 

Natural  gums,  like  gum  arabic,  yield  on  hydrolysis  simpler 
sugars  such  as  arabinose  and  galactose,  but  in  addition  acids 
derived  from  them,  so  that  they  are  not  carbohydrates  in  the 
formal  sense. 
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Alcoholic  fermentation.  —  As  was  stated  on  p.  12,  this 
process  does  not  require  living  yeast  cells.  When  yeast  is 
ground  very  fine,  so  as  to  break  up  the  cells,  and  then  sub¬ 
mitted  to  great  pressure,  a  juice  is  obtained  which  decomposes 
sugar  into  alcohol  and  carbon  dioxide.  This  press  juice  does 
not  contain  any  cells,  but  retains  the  enzyme  zymase,  which 
catalyses  the  reaction 

c6h12o6  =  2C2H5OH  +  2C02 

If  press  juice  is  dialysed  or  squeezed  through  a  so-called  ultra¬ 
filter  having  very  fine  pores,  the  zymase,  consisting  of  large 
colloidal  molecules,  remains  behind  and  is  then  found  to  have 
lost  its  action  on  sugar.  Press  juice  is  also  inactivated  by 
boiling  (which  destroys  all  enzymes).  Now  if  boiled  press  juice 
is  mixed  with  dialysed  press  juice,  both  inactive  by  themselves, 
an  active  solution  is  once  more  obtained.  The  explanation 
is  that  in  addition  to  the  actual  enzyme,  another  simpler  sub¬ 
stance  is  necessary,  the  so-called  co-enzyme.  This  co-enzyme 
passes  through  the  dialyser  (or  ultra-filter)  and  is  not  destroyed 
by  boiling.  The  intervention  of  a  co-enzyme  has  been  observed 
in  a  number  of  enzymic  processes,  and  in  the  case  of  alcoholic 
fermentation  the  co-enzyme  has  been  isolated.  It  is  an  organic 
ester  of  phosphoric  acid  and  contains  nitrogen.  The  hexose 
is  not  fermented  as  such,  but  only  in  combination  as  hexose- 
phosphoric  acid.  The  phosphoric  acid  set  free  by  the  fermenta¬ 
tion  then  combines  with  another  hexose  molecule,  and  so  the 
process  goes  on.  The  phosphoric  acid  is  therefore  as  much  a 
catalyst  as  is  the  zymase,  and  acts  by  forming  an  intermediate 
compound. 

The  simple  sugars  which  are  capable  of  undergoing  fermen¬ 
tation  are  hexoses  (glucose,  fructose,  and  with  some  yeasts 
galactose,  see  p.  113).  Trioses  ferment  less  readily,  as  does  an 
artificial  sugar  of  nine  carbon  atoms,  prepared  by  lengthening 
the  chain  of  glucose.  Sugars  with  four,  five,  seven  or  eight 
carbon  atoms  do  not  ferment  at  all,  and  hence  the  conclusion 
seems  justified,  that  in  fermentation  the  hexoses  and  nonoses 
break  up  into  a  compound  of  three  carbon  atoms ;  two  of 
these  atoms  are  ultimately  converted  into  alcohol,  the  third 
appears  as  carbon  dioxide.  The  intermediate  compound 
of  three  carbon  atoms  has  not  been  definitely  identified, 
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but  is  assumed  to  be  the  keto-aldehyde  methylglyoxal, 
CHg.CO.CHO.,  formed  from  hexose  by  loss  of  water, 
perhaps  in  the  form  of  the  tautomeric  unsaturated  alcohol : 

C6H1206  =  2CH2:C.CHO  +  ?H20 

OH 

A  reaction  now  takes  place  between  two  molecules  of  methyl- 
glyoxal  in  such  a  way  that  one  is  reduced  and  the  other 
oxidised.  Simultaneous  reduction  and  oxidation  is  the  essence 
of  the  whole  process,  which  converts  a  carbohydrate  (a  very 
moderate  fuel)  into  alcohol  (burning  vigorously,  since  it  has 
all  the  hydrogen)  and  carbon  dioxide  (incombustible,  because 
completely  oxidised).  A  reaction  of  this  type,  in  which  the 
state  of  oxidation  is  changed  in  opposite  directions,  has 
considerable  biological  importance ;  the  process  is  called 
dismutation  (dis,  apart,  and  L.  mutare ,  to  change).  In  this 
way  an  organism  like  yeast  can  live  anaerobically  without  an 
extraneous  supply  of  oxygen,  and  yet  oxidise  (provided  it 
carries  out  a  compensatory  reduction).  Without  dismutation 
animals,  which  live  aerobically,  could  only  hydrolyse  and 
oxidise;  when  a  pig  is  fattened  on  a  carbohydrate  diet,  a 
considerable  production  of  highly  reduced  fatty  acids  takes 
place,  compensated  for  by  an  extra  production  of  carbon 
dioxide  (see  p.  134). 

It  is  therefore  of  some  interest  to  gain  an  insight  into 
the  mechanism  of  alcoholic  fermentation,  as  an  analogy  to 
intermediate  metabolism  in  animals.  Two  products  are 
produced  in  the  process,  which  may  be  regarded  as  resulting 
from  methyl  glyoxal,  C3H402,  by  dismutation.  The  reduction 
product  is  glycerol. 

c3h4o2  +  H20  +  2H  =  c3h8o3 

Glycerol  is  a  constant  product  of  fermentation,  but  normally 
present  only  in  small  amount  (0-5-1  per  cent,  in  wines). 

The  oxidation  product  of  methylglyoxal  would  be  the 
simplest  keto  acid,  CH3 .  CO .  COOH,  known  as  pyruvic  acid, 
(p.  89).  It  has  not  been  isolated  from  fermented  liquids,  but 
this  is  hardly  to  be  expected,  since  pyruvic  acid  added  during 
fermentation  rapidly  disappears  according  to  the  equation  : 

CH3.CO.COOH  =  CH3.CH0  +  C02 
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Yeast  and  press  juice  contain  a  ferment,  carboxylase,  which 
decarboxylates  pyruvic  acid  to  acetaldehyde. 

We  have  therefore  accounted  for  the  formation  of  two  end 
products,  glycerol  and  carbon  dioxide,  and  of  acetaldehyde  as 
an  intermediate.  Since  glycerol  is  only  produced  in  small 
quantity,  the  scheme  outlined  so  far  must  be  limited  to  the 
initial  stages  of  the  process.  The  main  reaction  is  a  different 
dismutation,  this  time  between  methyl  glyoxal  and  acetaldehyde. 
The  former  is  oxidised  to  pyruvic  acid,  as  before,  but  the 
compensatory  reduction  no  longer  results  in  glycerol ;  instead 
the  acetaldehyde  is  reduced  to  ethyl  alcohol.  The  pyruvic 
acid  is  again  decarboxylated  : 

CH3.CO.CHO  O  CH3.CO.COOH 
CH3.CHO  +  H2  ”  CH3.CH2OH 
CH3.CO.COOH  =  CH3.CH0  +  C02 

CH3.CO.CHO  +  H20  =  CH3.CH2OH  +  C02 

The  experimental  evidence  for  this  theory  depends  on  the  fact 
that  added  pyruvic  acid  is  rapidly  decarboxylated,  and  especially 
on  the  possibility  of  demonstrating  the  intermediate  formation 
of  acetaldehyde.  Normally  this  aldehyde  does  not  accumulate 
and  is  at  once  reduced  to  alcohol,  but  if  the  fermentation  is 
carried  out  in  the  presence  of  a  sulphite,  acetaldehyde  is 
trapped  in  the  form  of  an  addition  compound.  The  hydrogen 
which  would  have  converted  it  into  alcohol  must  now  go 
elsewhere,  and  as  a  result  the  initial  formation  of  glycerol  is 
continued.  The  more  sulphite  is  present,  the  more  acetaldehyde 
is  trapped  and  the  more  glycerol  produced.  It  is  noteworthy 
that  the  amount  of  acetaldehyde  trapped  is  always  equivalent 
to  that  of  the  resulting  glycerol.  During  the  world  war  many 
thousands  of  tons  of  glycerol  were  manufactured  in  Germany 
from  carbohydrates  by  this  modified  fermentation. 

The  formation  of  lactic  acid  in  sour  milk  may  be  regarded 
as  a  simple  dismutation  inside  the  molecule ;  half  a  molecule 
of  hexose  is  converted  into  an  isomeride  in  such  a  way  that 
one  carbon  atom  is  completely  hydrogenated  and  the  other 
oxidised  to  a  carboxyl  group.  The  same  change  and  its 
reverse  occur  during  muscular  contraction. 
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a-  AND  /3-GLUCOSE  AND  THE  GLUCOSIDES 


For  the  sake  of  simplicity  we  have  assumed  at  the  beginning 
of  this  chapter  (p.  103)  that  the  loss  of  two  hydrogen  atoms,  by 
which  a  hexahydric  alcohol  is  converted  into  a  sugar,  results  in 
an  aldehyde  or  ketone  group.  The  presence  of  such  a  group 
explains  all  the  reactions  of  the  sugars  with  which  we  have 
been  concerned.  There  is,  however,  evidence  to  show  that  the 
two  hydrogen  atoms  are  not  removed  from  the  same  but  from 
different  carbon  atoms ;  one  hydrogen  is  removed  from  a 
terminal  carbon  atom  (which  thereby  becomes  asymmetric), 
the  other  from  the  hydroxyl  group  in  the  ^-position  to  it. 
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In  this  way  a  six-ring  is  formed  from  one  oxygen  and  five 
carbon  atoms ;  all  the  carbon  atoms  are  asymmetric,  so  that 
the  sugar  has  gained  an  asymmetric  carbon  atom  (previously 
terminal  and  symmetric)  and  should  exist  in  two  modifications. 
This  is  actually  the  fact.  In  the  specific  case  of  ff-glucose  two 
varieties  are  known,  a -  and  /3-glucose,  the  one  with  a  high,  the 
other  with  a  low  specific  rotation  in  freshly  prepared  solutions. 
On  keeping  the  solutions,  the  rotation  of  the  one  falls  and  that 
of  the  other  rises  until  they  both  have  the  intermediate  rotation 
shown  by  ordinary  glucose,  which  is  merely  an  equilibrium 
mixture  of  the  two  forms. 

a-glucose  — >-  equilibrium  mixture  -< —  /glucose. 

=  ordinary  glucose 

[a]D  +  IIO°  (/]d  +  52-50  [a]D+n-5° 

This  gradual  change  in  optical  activity  is  called  mutarotation 
(L.  mutare ,  to  change). 

The  cyclic  representation  is  readily  connected  with  the 
conventional  aldehyde  formula  as  follows  : 
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h2coh 

h2coh 

HOCH 

HOCH 

HOCH 

HCOH 

+  h2o 

- 

HOCH 

HCOH 

HOCH 

HOCH 

H  .  C  :  O 

•  /OH 
HC< 

X)H 

h2coh 

- OH 

HOCH 

O  HCOH 

HOCH 

• 

- CH 

OH 


We  assume  that  the  aldehyde  group  forms  an  unstable  addition 
compound  with  water  (of  the  same  kind  as  chloral  hydrate 
which  is  much  more  stable).  The  addition  compound  then  loses 
water  by  forming  an  internal  anhydride,  a  cyclic  ether.  The 
two  hydroxyl  groups  involved  in  this  are  the  one  on  the 
^-carbon  atom,  and  one  of  the  two  on  the  aldehyde  carbon  atom. 
Since  the  molecule  is  already  asymmetric,  it  is  not  a  matter 
of  indifference  which  of  the  two  aldehyde  hydroxyl  groups 
becomes  involved.  Anhydride  formation  with  one  of  them 
leads  to  a-glucose,  with  the  other  to  /5-glucose.  These  two 
varieties  differ  therefore  only  in  one  carbon  atom  ;  the  con¬ 
figuration  of  the  others  is  identical.  Hence  a-  and  /5-glucose 
are  not  mirror  images  (both  are  dextrorotatory).  Their  spon¬ 
taneous  change  to  the  equilibrium  mixture  will  take  place 
through  the  hydrated  form. 

The  two  forms  of  glucose  are  stabilised  in  mixed  anhydrides 
with  other  hydroxylated  substances.  Thus  methyl  alcohol  and 
glucose  can  be  made  to  unite  with  loss  of  water;  depending  on 
the  experimental  conditions,  one  or  other  of  two  ethers  is 
formed,  the  a-  and  /5-methylglucosides,  which  are  quite  stable 
and  do  not  change  into  each  other.  They  are  «-  and  /5-glucose 
in  which  the  hydroxylic  hydrogen  of  the  “aldehyde”  carbon 
atom  has  been  replaced  by  methyl. 


CH2OH 

- GH 

HOCH 

}  HCOH 

HOCH 

CH3OCH 
_ _ _ I 


and 


CH2OH 

- CH 

HOCH 

HCOH 

HOCH 

HCOCHo 

_ I 


a-Methylglucoside 
[a] +  158° 


/3-Methy]glucoside. 


[a]D-  34° 
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The  methyl  glucosides  are  each  hydrolysed  by  a  separate 
enzyme;  the  a-compound  by  one  in  yeast  (maltase),  the  /^-com¬ 
pound  by  one  in  almonds  (emulsin).  Since  the  two  glucosides 
are  stereoisomers,  it  has  been  concluded  that  the  enzymes  must 
also  differ  in  space.  The  fit  of  the  enzyme  to  its  substrate  has 
been  compared  with  that  of  a  glove  to  the  hand  ;  this  analogy 
is  imperfect  in  so  far  as  the  a-  and  /3-glucosides  are  not  mirror 
images.  The  analogy  of  lock  and  key  has  also  been  suggested. 

The  methylglucosides  do  not  occur  in  nature,  but  more 
complicated  examples  are  frequently  present  in  plants.  The 
best  known  of  these  is  maltose  or  glucose  glucoside ;  since  it 
is  hydrolysed  by  yeast,  which  also  hydrolyses  a-methylgluco- 
side,  maltose  is  glucose  a-glucoside  (maltose !). 


CH2OH . CH.  CH.  (CHOH)2.  CHOH  GH .  (CHOH)3 .  CH .  CH2OH 

I - o - -1 

Reducing  glucose  residue  Non-reducing  a-glucoside  residue. 

In  the  above  formula  the  “  aldehyde  ”  carbon  atoms  of  the  two 
glucose  residues  are  printed  in  heavy  type;  that  on  the  left 
bears  a  hydroxyl  group,  and  if  the  ring  to  which  it  belongs 
takes  up  water,  this  carbon  atom  will  have  two  hydroxyl  groups 
and  represent  a  hydrated  aldehyde  group.  The  left  side  of  the 
molecule  therefore  reduces  and  can  form  an  osazone  (malto- 
sazone).  The  corresponding  carbon  atom  on  the  right  is  between 
two  bridge  oxygen  atoms,  has  no  hydroxyl  group,  and  does  not 
reduce. 

If  the  right  side  is  a  /3-glucoside  residue,  the  formula 
represents  cellobiose  =  glucose  /3-glucoside,  the  disaccharide 
derived  from  cellulose ;  and  if  the  right  side  is  a  /3-galactoside 
residue  we  have  lactose  =  glucose  /3-galactoside.  Hence  in  all 
three  disaccharides  the  reducing  properties  are  due  to  a  glucose 
group  which  replaces  the  methyl  group  of  the  methylglucosides. 
Cane  sugar,  a  non-reducing  disaccharide,  must  be  built  up  on 
a  different  plan. 

I  0  I  I  0  ] 

CH2OH  .  CH  .  (CHOH)3 .  CH— O— C .  (CHOH)2 .  CH  .  CH2OH 

CH2OH 

Glucose  residue  Fructose  residue. 
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As  before,  the  carbon  atoms  of  the  original  carbonyl  groups  are 
printed  in  heavy  type.  They  are  joined  together  by  a  bridge 
oxygen  atom;  neither  the  “aldehyde”  carbon  of  glucose  on 
the  left,  nor  the  “  ketone  ”  carbon  atom  of  fructose  on  the  right 
bears  a  hydroxyl  group,  hence  neither  has  reducing  properties 
and  cane  sugar  does  not  form  an  osazone.  Cane  sugar  is  both 
a  glucose  fructoside  and  a  fructose  glucoside. 

The  name  glucoside  is  commonly  employed  for  ethers  of 
which  one  component  only  is  a  sugar.  Most  natural  glucosides 
are  /3-glucosides  since  they  are  hydrolysed  by  emulsin.  This 
enzyme  hydrolyses  arbutin  (from  the  leaves  of  the  bear  berry) 
to  glucose  and  quinol  (p.  182),  salicin  (from  willow  bark)  to 
glucose  and  salicyl  alcohol  (p.  188)  and  amygdalin  (from  bitter 
almonds)  to  benzaldehyde,  hydrocyanic  acid  and  two  molecules 
of  glucose.  Amygdalin  was  one  of  the  earliest  glucosides  to 
be  studied.  Apart  from  glucose  the  products  of  hydrolysis 
do  not  include  a  hydroxy  compound,  but  one  is  formed  as 
an  intermediate  stage.  It  is  the  addition  compound  of  hydro¬ 
cyanic  acid  to  benzaldehyde,  so  called  benzaldehyde  cyanhydrin 
C6H5.  CH(OH) .  CN  (p.  148),  which  through  its  hydroxyl  group 
is  joined  to  a  glucose  residue,  to  which  a  second  glucose  residue 
is  also  attached. 


THE  RESPIRATORY  QUOTIENT 


The  fat  and  carbohydrate,  ingested  as  food,  are  normally 
burnt  to  carbon  dioxide  and  water.  It  is  impossible  to  measure 
the  amount  of  water  produced  in  metabolism,  but  the  volume 
of  the  carbon  dioxide  resulting  from  the  combustion  can  be 
ascertained  by  analysis  of  expired  air,  which  also  allows  the 
volume  of  the  oxygen  used  up  to  be  calculated.  The  ratio 
of  the  volumes  carbon  dioxide  produced  :  oxygen  used  up 
is  called  the  respiratory  quotient  (R.  Q.)  and  is  important  as 
characterising  the  metabolism.  We  discuss  it  here  merely  to 
illustrate  how  our  knowledge  of  the  chemistry  of  carbohydrates 
and  fats  may  be  applied  in  physiology. 

For  the  combustion  of  carbohydrates  the  respiratory  quotient 
is  equal  to  unity.  Starch  is  hydrolysed  to  glucose  and  we  have  : 


QH12Og  +  602 


6C02  +  6H20 ; 


6C02 

toT 


=  i. 
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We  can  look  at  this  in  another  way.  In  carbohydrates  the 
hydrogen  is  as  it  were  already  burnt  to  water,  so  that  only 
the  carbon  remains  to  be  combusted  and  an  elementary 
experiment  in  illustration  of  Gay  Lussac’s  law  already  teaches 
that  carbon  dioxide  “contains  its  own  volume”  of  oxygen. 

The  respiratory  quotient  resulting  from  the  combustion  of 
fats  can  be  found  by  a  slight  calculation.  For  example,  in  the 
case  of  triolein : 

C3H803  +  3C1SH3402  —  3H20  =  C57H104Og 


57CC  will  be  required  to  burn  the  carbon  and  52O  =  2602  to 
burn  the  hydrogen,  total  8302.  Of  this  60  =  302  is  already  in 
the  molecule.  Hence  8o02  is  required. 

C57H104°6  +  8o02  =  57C02  +  52H20;  =  0-71. 

For  tripalmitin  and  tristearin  slightly  different  values  will  be 
found,  but  we  may  take  0-71  as  the  respiratory  quotient  for 
the  average  fat. 

The  R.  0.  of  proteins  can  be  calculated  in  a  rather  different 
way  from  their  percentage  composition,  taking  into  account 
that  one  atom  of  carbon  is  eliminated  through  the  kidneys  as 
urea  with  every  two  atoms  of  nitrogen  (p.  154).  The  R.  Q.  for 
protein  is  about  080.  In  man,  on  a  mixed  diet,  the  R.  Q. 
is  normally  about  0-82  between  the  two  extremes  0-71  for 
fat  and  i-oo  for  carbohydrate.  A  diet  rich  in  carbohydrate 
raises  it;  in  starvation  it  falls  to  about  0-71  since  the  fat 
reserves  of  the  body  are  then  used  up.  In  severe  diabetes  it 
may  even  fall  below  this  value,  since  proteins  (R.  Q.  080)  are 
then  converted  into  sugar  (containing  more  oxygen  ;  R.  Q.  i-oo), 
so  that  some  of  the  inspired  oxygen  passes  out  in  this  sugar 
through  the  kidneys.  On  the  other  hand  the  conversion  of 
carbohydrate  into  fat  supplies  oxygen,  which  is  added  to  that 
of  the  inspired  air  for  purposes  of  combustion.  In  a  goose 
being  fattened  on  carbohydrate,  the  R.  Q.  may  rise  to  112  and 
higher ;  similar  high  values  may  be  observed  in  rare  metabolic 
diseases  in  man,  involving  the  production  of  much  fat. 

Generally  speaking  the  value  of  the  R.  Q.  for  any  particular 
food  indicates  its  value  as  fuel,  a  low  quotient  indicating  a  high 
fuel  value.  Thus  alcohol  is  an  excellent  fuel  (outside  the  body  !). 

C2H60  +  302  =  2C02  +  3H20;  =  0  67. 
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The  proteins,  which  still  remain  to  be  discussed,  are 
distinguished  from  the  fats  and  the  carbohydrates  by  con¬ 
taining  nitrogen,  and  we  must  therefore  next  study  some  of 
the  simpler  organic  nitrogen  compounds. 

When  ammonia  is  heated  in  alcoholic  solution  with  methyl 
iodide,  the  methyl  group  and  the  iodine  atom  become  separately 
attached  to  the  nitrogen,  which  thus  becomes  quinquevalent : 

CH3 

I  /H 

NH3  +  CH3I  =  I.N^-H 

In  this  way  a  salt  is  formed,  methylammonium  iodide,  i.e. 
ammonium  iodide  in  which  one  hydrogen  is  replaced  by  the 
methyl  group.  On  boiling  this  salt  with  sodium  hydroxide, 
a  base  distils,  which  closely  resembles  ammonia,  except  that 
it  is  combustible. 

CH3.NH3I  +  NaOH  =  Nal  +  CH3.NH2  +  H20 

The  new  base,  methylamine,  is  made  up  of  a  methyl  group 
and  the  univalent  amino  group  -NH2  (which  we  have  already 
encountered  in  hydrazine,  p.  115).  We  may  of  course  also 
regard  it  as  methane  in  which  one  hydrogen  is  replaced  by 
this  group,  i.e.  aminomethane.  When  methylamine  is  heated 
with  methyl  iodide,  the  process  repeats  itself. 

CH3 

I  /CH3 

CH3.NH9  +  CH3I  -  I.NO-H 

XH 

(CH3)2NH2I  +  NaOH  =  Nal  +  (CH3)2NH  +  H20 

Thus  dimethylammonium  iodide  and  dimethylamine  are 
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obtained  and  in  their  turn  furnish  trimethylammonium  iodide 
and  trimethylamine,  and  finally  tetramethylammonium  iodide, 

(CH3)4ni. 

Amines  with  a  single  alkyl  group  are  called  primary 
amines ;  secondary  amines  contain  two  alkyl  groups  which 
may  or  may  not  be  the  same. 


NA 


c2h5 

CoH5 


Diethylamine 


/C2H5 

N^CH9 .  CH2 .  CH3 

Ethyl-«-propylamine. 


In  tertiary  amines  there  may  be  three  different  alkyl  groups. 


N 


Nx 


CH3 

c2h5 

c2h5 


Trimethylamine  Methyl  diethylamine 


/CHS 

N^CH,  .  ch3  ck3 
xch".ch2.ch< 

\ch3 

Methyl  ethyl  zVoamyl  amine. 


In  the  action  of  ammonia  on  methyl  iodide,  the  product  is  apt 
to  consist  of  a  mixture  of  all  four  methylated  salts.  Ammonium 
iodide  itself  is  not  formed,  since  the  amine  hydroxides  are 
all  somewhat  stronger  than  ammonium  hydroxide,  which  is 
therefore  eliminated  by  evaporating  the  solution.  The  mixture 
of  substituted  ammonium  iodides  is  then  distilled  with  sodium 
hydroxide.  Since  tetramethylammonium  iodide  cannot  part 
with  hydriodic  acid,  it  does  not  give  rise  to  a  volatile  base. 
The  other  salts  yield  a  mixture  of  primary,  secondary  and 
tertiary  amines,  which  may  be  separated  by  nitrous  acid. 

The  action  of  nitrous  acid  on  ammonia  results  in  ammonium 
nitrite  which  is  readily  decomposed  to  nitrogen  and  water. 
Similarly  the  action  of  nitrous  acid  on  a  primary  amine  produces 
nitrogen  and  an  alcohol  : 


NH2  +  ON 


CH« 


NH2  +  ON 


OH 


N2  +  H20  +  HOH 
N2  +  H20  +  CHgOH 


But  when  nitrous  acid  acts  on  a  secondary  amine,  nitrogen  is 
no  longer  given  off 


(CH3)2N 


H  +  HO 


NO  - 


(CH3)2N  .  N  :  O  +  H20 


There  results  a  neutral  nitroso  compound  (-NO  is  the  nitroso 


AMINES 


137 


group),  from  which  on  heating  with  hydrochloric  acid,  the 
secondary  base  is  regenerated. 

(CH3)2N .  NO  +  H20  +  HC1  =  (CH3)2NH .  HC1  +  HONO. 

Tertiary  amines  (at  least  the  aliphatic)  do  not  react  with 
nitrous  acid. 

The  primary  amine  is  lost  in  this  way,  by  conversion  into 
the  corresponding  alcohol,  but  can  be  obtained  as  such  by 
other  methods. 

Of  these  various  bases  trimethylamine  has  biological 
interest.  It  is  a  gas  at  the  ordinary  temperature,  and  can  be 
liquefied  by  cooling  with  ice.  It  has  an  intense  fish-like  odour 
which  is  most  easily  recognised  in  high  dilution ;  it  occurs  in 
herring  brine  as  the  result  of  the  decomposition  by  bacteria 
of  choline  (p.  235). 

Tetramethylammonium  iodide  and  similar  quaternary  salts 
are  derived  from  corresponding  quaternary  hydroxides,  which 
unlike  ammonium  hydroxide,  are  not  decomposed  on  boiling 
their  solutions  and  are  powerful  bases,  like  caustic  soda  and 
caustic  potash.  They  remain  dissolved  when  an  aqueous 
solution  of  their  halides  is  shaken  with  excess  of  silver 
hydroxide. 

N(CH3)4I  +  AgOH  =  Agl  +  N(CH3)4OH 

These  ammonium  hydroxides  are  non-volatile  and  have  no 
odour. 

The  amino  group  can  replace  any  other  halogen  atom  in 
an  aliphatic  compound.  Thus  ethylene  dibromide  reacts  with 
ammonia  to  form  the  hydrobromic  acid  salt  of  ethylene 
diamine,  NH2.CH,.CH2.NH2.  Glycol  chlorhydrin  similarly 
forms  the  hydrochloride  of  amino-ethyl  alcohol. 

0H.CH2.CH2C1  +  NH3  =  0H.CH2.CH2.NH3C1 

Amino  alcohols  and  amino  aldehydes  are  basic  in  character. 
Glucosamine  combines  the  properties  of  both  these  and  has 
the  formula 

CH2OH  .  CHOH  .  CHOH  .  CHOH  .  CH(NH2) .  CHO 

It  occurs  in  the  proteins  of  cartilage,  tendon,  etc.,  and  is  most 
readily  obtained  from  chitin,  the  organic  constituent  of  the 
shells  of  crabs  and  lobsters.  These  shells  are  treated  with 
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dilute  hydrochloric  acid  to  remove  the  calcium  carbonate, 
and  then,  after  washing,  hydrolysed  with  concentrated  acid. 
Glucosamine  hydrochloride  crystallises  out.  Glucosamine  is 
an  unstable  base,  and  is  often  known  as  chitosamine.  It  has 
been  converted  into  ^-glucose. 

DIFFERENCE  BETWEEN  AMIDES  AND  AMINO 

ACIDS 

When  an  amino  group  is  introduced  into  an  acid  the  basic 
and  acid  properties  neutralise  each  other.  In  this  way 
substances  of  great  biological  interest  result.  We  take  acetic 
acid  by  way  of  illustration.  Chlorine  can  be  introduced  into 
the  molecule  in  two  ways :  (a)  by  the  action  of  the  element 
itself ;  one  of  the  hydrogen  atoms  of  the  methyl  group  is 
replaced,  and  monochloracetic  acid,  ClCH2.COOH,  results; 
(J?)  if  instead  of  elementary  chlorine  we  use  phosphorus 
pentachloride,  the  hydroxyl  group  is  replaced  and  an  entirely 
different  substance,  acetyl  chloride,  CH3.COCl,  is  formed.  In 
either  case  the  chlorine  atom  can  be  replaced  by  an  amino 
group  : 

2NH3  +  C1CH2.C00H  =  NH2.CH2.COOH  +  NH4C1 
2nh3  +  ch3.coci  =  CH3.CO.NH2  +  NH4C1 

The  two  reaction  products  are  both  neutral  substances,  so  that 
the  hydrochloric  acid  formed  in  the  reaction  combines  with 
additional  ammonia.  These  two  derivatives  of  acetic  acid 
have,  however,  very  different  properties.  The  former  can  £>e 
boiled  with  acids  and  with  alkalies  without  decomposition ;  the 
latter  is  hydrolysed  into  acetic  acid  and  an  ammonium  salt,  or 
into  an  acetate  and  ammonia : 

CH3.CO.NH2  +  HC1  +  H20  =  CH3.COOH  +  NH4C1 
CH3.CO.NH2  +  NaOH  =  CH3 .  COONa  +  NH3 

The  substance  which  is  not  hydrolysed  is  appropriately  called 
amino-acetic  acid,  in  analogy  to  chloracetic,  and  is  a  member 
of  the  important  group  of  amino  acids,  from  which  the  proteins 
are  built  up.  The  substance  which  undergoes  hydrolysis  is 
called  an  amide;  this  particular  example  is  acetamide.  It  is 
important  not  to  confuse  amides  with  amines  ;  the  contrast 
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between  them  is  hardly  suggested  by  the  slight  difference  in 
their  names.  Both  classes  of  compounds  may  be  regarded  as 
resulting  from  the  replacement  of  hydroxyl  by  an  amino  group  ; 
in  amines  it  is  an  alcoholic  hydroxyl,  in  amides  it  is  the 
hydroxyl  of  a  carboxyl  group,  which  is  replaced.  Amines  can 
be  prepared  directly  from  an  alcohol,  or  more  conveniently  via 
the  corresponding  alkyl  halide  : 

CH3OH  — >  CH3I  >  CH3 .  NH2 

Moreover,  as  we  have  seen,  primary  amines  can  be  reconverted 
into  alcohols  by  nitrous  acid, 


CH  .  NH2  +  HN02 

Isopropylamine 


CHOH  +  H20  +  N2 

Isopropyl  alcohol. 


The  same  reagent  converts  amides  into  acids : 


CH3.CO 


NH2  +  ON 


OH  =  CTE.COOH  +  H,0  +  N, 


The  difference  between  amines  and  amides  can  be  put  in 
another  way.  In  amines  the  nitrogen  is  attached  to  a  carbon 
atom  which  bears  no  oxygen ;  in  amides  this  carbon  atom  has 
oxygen  attached  to  it.  It  may  be  put  in  a  third  way :  amines 
stand  to  amides  in  the  same  relationship  as  ethers  to  esters, 
for  in  ethers  oxygen  joins  two  carbon  atoms  which  bear  no 
other  oxygen,  whilst  in  esters  one  of  the  two  carbon  atoms 
has  a  doubly  bound  oxygen  attached  to  it. 


CH3 .  CH2 .  O  .  CH2 .  CH3  CH3 .  CH2 .  O .  C .  CH3 

6 

Diethyl  ether  Ethyl  acetate. 

It  is  this  doubly  bound  oxygen  which  brings  about  the 
instability  towards  alkali  of  esters  and  also  of  amides. 
Ordinary  ethers  are  only  hydrolysed  by  concentrated  acids. 
Amines  are  not  hydrolysed  under  any  circumstances. 


AMIDES 

We  may  next  inquire  whether  amides  cannot  be  produced 
directly  from  the  acids  and  ammonia.  The  first  product  of  the 
reaction  is  of  course  a  salt,  like  ammonium  acetate,  but  when 
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this  salt  is  heated  under  pressure,  or  distilled  in  a  current  of 
ammonia,  acetamide  is  formed. 

CH3.C.O.NH4  -  CH3.C.NH2  +  h2o 

6  6 

Amides  are  also  formed  by  leaving  esters  in  contact  with  a 
strong  ammonia  solution. 

R.C.O.C2H5  +  NH3  -  R.C.NH2  +  C2H5OH 

6  ^  6 

The  two  simplest  amides  may  be  mentioned  here.  Porma- 
mide,  HCO.  NH2)  is  the  only  example  which  is  liquid  at  the 
ordinary  temperature.  It  boils  at  200°  and  mixes  with  water 
in  all  proportions.  It  is  sometimes  used  as  a  solvent  of  other¬ 
wise  insoluble  substances,  e.g.  starch. 

Acetamide,  CH3.CO.NH2,  is  solid  and  soluble  in  water. 
It  usually  has  a  characteristic  smell  of  mice  due,  however,  to 
an  impurity.  With  strong  mineral  acids  it  forms  salts  which 
are  almost  completely  hydrolysed  when  dissolved  in  water. 
The  amides  are  extremely  weak  bases 

CH3 .  CO .  NH3C1  ^  CH3CO  .  NH2  +  HC1 

Urea,  the  amide  of  carbonic  acid,  is  so  important  that  it  is 
treated  in  a  separate  section  (p.  1 54). 

GLYCINE  AND  ALANINE 

We  also  mention  here  the  two  simplest  amino  acids,  amino- 
acetic  and  aminopropionic  acid.  (Aminoformic  acid  is  not 
an  amino  acid  since  its  nitrogen  is  attached  to  a  carbon  atom 
bearing  oxygen.  It  is  the  monoamide  NH2.  COOH  of  carbonic 
acid,  HO .  CO .  OH,  and  is  discussed  as  such  after  urea.) 

Amino-acetic  acid,  glycocoll  or  glycine  was  discovered  more 
than  a  hundred  years  ago  by  boiling  glue  with  dilute  sulphuric 
acid.  It  has  a  sweetish  taste  and  was  hence  called  glycocoll 
(Gk.  glukus ,  sweet ;  kolle ,  glue).  For  the  sake  of  brevity  this 
important  substance  is  now  usually  called  glycine.  It  is  formed 
by  the  hydrolysis  of  many  other  proteins  from  which  it  is, 
however,  not  so  readily  isolated  as  from  gelatin  (  =  glue).  The 
fact  that  amino  acids  are  obtained  by  boiling  protein  with 
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concentrated  hydrochloric  acid  (or  with  alkalies)  implies  that 
the  amino  acids  are  themselves  not  hydrolysed.  The  amino 
acids  are  essentially  amines  (to  which  a  carboxyl  group  is 
attached)  and  are  therefore  quite  different  from  the  amides. 

Glycine  is  a  neutral,  crystalline  substance,  soluble  in  four 
parts  of  water,  but  hardly  in  alcohol.  In  this  respect  it 
resembles  inorganic  salts  such  as  ammonium  chloride,  and  we 
may  also  represent  it  as  an  internal  salt,  with  quinquevalent 


nitrogen. 

CH2— C :  0 

CH3— C :  0 

NH3-O 

NH-0 

Glycine 

Ammonium  acetate. 

Compare  this  formula  with  that  of  ammonium  acetate.  Glycine, 
and  the  amino  acids  generally,  are  capable  of  combining  both 
with  strong  acids  and  with  strong  bases,  e.g. — 

NH2.CH2.COOH  +  HC1  =  C1NH3.CH2.C00H 
NH2.CH2.COOH  +  NaOH  =  NH2 .  CH2 .  COONa  +  H20 

Glycine  is  therefore  amphoteric,  like  zinc  hydroxide,  which 
combines  with  hydrochloric  acid  to  form  zinc  chloride,  and  with 
sodium  hydroxide  to  form  sodium  zincate. 

Among  the  best  known  salts  of  the  amino  acids  are  those 
containing  copper.  When  glycine  is  boiled  with  copper 
hydroxide,  a  deep  blue  solution  results  after  filtration,  from 
which  a  deep  blue  copper  salt  crystallises.  Since  glycine 
is  a  primary  amine,  it  is  decomposed  by  nitrous  acid  with 
the  formation  of  a  hydroxy  compound,  in  this  case  glycollic 
acid. 

HONO  +  NH2.CH2.COOH  =  HO.CH2.COOH  +  H20  +  N2 

Since  glycine  also  contains  a  carboxyl  group  it  is  capable  of 
esterification.  On  boiling  with  alcohol  in  a  current  of  hydrogen 
chloride  the  salt  of  the  ester  results. 

NH2.  CH2.  COOH  +  C2H5OH  +  HC1  =  NHSC1 .  CH2 .  COOC2H5  +  H20 

From  this  chloride  the  ester  can  be  liberated  by  potassium 
carbonate,  and  can  then  be  extracted  with  ether.  The  free 
ester  is  an  oil  which  can  be  purified  by  distillation,  and  reacts 
and  smells  like  an  amine.  The  esterification  has  suppressed 
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the  acidic  features  and  only  the  basic  survive.  The  fractional 
distillation  of  the  esters,  usually  in  a  high  vacuum,  is  a  valuable 
means  of  separating  amino  acids.  These  esters  are  much  more 
easily  hydrolysed  than  esters  without  a  basic  group,  so  that 
by  merely  boiling  them  with  water,  the  amino  acids  are 
regenerated. 

NH2.CH2.COOC2H5  +  H20  =  NH2.CH2.COOH  +  C2H5OH 

When  an  amino  group  is  introduced  into  a  homologue  of 
acetic  acid,  possibilities  of  isomerism  occur.  Thus  the  a- 
and  /3-aminopropionic  acids  correspond  respectively  to  lactic 
and  hydracrylic  acids,  into  which  they  can  be  converted  by 
nitrous  acid. 

All  the  amino  acids  obtained  by  the  hydrolysis  of  protein 
are  a-derivatives,  and  only  these  will  be  considered.  With 
the  exception  of  glycine,  they  all  have  an  asymmetric  carbon 
atom  and  can  exist  in  two  optically  active  forms,  only  one 
of  which  occurs  in  the  proteins. 

a-Aminopropionic  acid  or  alanine,  CH3.  CH(NH2)COOH, 
is  obtained  by  the  hydrolysis  of  many  proteins  and  in 
especially  large  yield  from  silk.  It  closely  resembles  glycine 
(forms  a  blue  copper  salt  and  has  a  sweetish  taste),  but  the 
natural  alanine  is  dextrorotatory.  Nitrous  acid  converts  it 
into  ^-lactic  (sarcolactic)  acid. 

Synthetic  d,l-  or  racemic  alanine  is  made  by  brominating 
propionic  acid,  and  treating  the  a-bromopropionic  acid,  so 
obtained,  with  ammonia. 

2NH3  +  CH3.CHBr.COOH  =  CH3.CH(NH2)COOH  +  NH4Br 

PEPTIDES 

Having  discussed  the  two  simplest  amino  acids  of  protein 
(there  are  about  twenty  altogether)  we  will  immediately 
utilise  our  knowledge  in  order  to  gain  a  preliminary  conception 
of  the  manner  in  which  the  proteins  are  built  up.  We  shall 
see  that  the  latter  are  extremely  complicated  amides,  and  for 
this  reason  we  begin  with  acetamide,  an  anhydride  of  acetic 
acid  and  ammonia. 

CHg.COOH  NHS 
CH3.CO— nh2 


PEPTIDES 


143 


It  may  be  called  acetyl  ammonia,  i.e.  ammonia  in  which  one 
hydrogen  atom  is  replaced  by  the  group  CH3.CO-. 

We  next  consider  a  slightly  more  complicated  amide,  from 
methyl  amine  instead  of  from  ammonia  : 

CH3.COOH  NH2.CH3 

CHs.CO— nh.ch3 

This  is  acetyl  methylamlhe.  The  next  step  is  to  imagine  that 
a  carboxyl  replaces  a  hydrogen  atom  in  the  methyl  group  of 
methylamifte. 

CH3 .  COOH  NH2 .  CH2 .  COOH 
CH3 .  CO— NH  .  CH2 .  COOH 

This  amide  is  acetyl  amino-acetic  acid  or  acetyl  glycine.  Finally, 
we  imagine  an  amino  group  introduced  into  the  methyl  of  the 
acetic  acid  portion  : 

NH2 .  CH2 .  COOH  NH2 .  CH2 .  COOH 

NH2 .  CH2 .  CO— NH  .  CH2 .  COOH 

This  amide  is  amino-acetyl  glycine  or  glycyl  glycine.  (Glycyl 
is  a  shorter  name  for  the  amino-acetyl  group,  NH2 .  CH2 .  CO-.) 
Glycyl  glycine  is  therefore  derived  from  two  molecules  of  glycine 
by  loss  of  one  molecule  of  water.  Like  all  amides  it  can  be 
hydrolysed  by  boiling  with  acid  or  with  alkali.  Glycyl  glycine 
has  one  amino  group  and  one  carboxyl  group  intact  and  is  still 
an  amphoteric  neutral  substance,  like  the  unit  from  which  it 
is  built  up.  It  is  evident  that  an  amide  can  similarly  result 
from  a  molecule  of  glycine  and  one  of  alanine,  instead  of  from 
two  glycine  molecules,  but  here  isomerism  occurs. 


NH2.CH2.CO 

Glycyl 


CHS 

CH3  ; 

;nh.ch.cooh 

NIL.Gll.CO 

|  alanine. 

Alanyl 

nh.ch2.cooh 

glycine. 


The  carboxyl  group  of  the  glycine  can  be  united  to  the  amino 
group  of  the  alanine,  or  vice  versa.  In  the  former  case  glycyl 
alanine  results,  in  the  latter  alanyl  glycine. 

Molecules  of  this  type  can  be  increased  by  adding  a  third 
unit.  Chloracetyl  chloride  (i.e.,  the  acid  chloride  of  chloracetic 
acid)  reacts  with  the  free  amino  group  of  glycyl  glycine. 


C1CH2 .  COC1  +  HNH .  CH2 .  CO— NH  .  CH2 .  COOH  - 
C1CH2 .  CO— NH  .  CH2 .  CO— NH  .  CH2 .  COOH  +  HC1 

Chloracetyl  glycyl  glycine. 
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Ammonia  then  introduces  an  amino  group  into  the  molecule, 
and  the  compound 

NH2 .  CH2 .  CO  NH  .  CH2 .  CO  NH  .  CH2 .  COOH 

Glycyl  :  glycyl  glycine 

glycyl-glycyl-glycine  results,  or  more  briefly  (although  not  quite 
accurately)  diglycylglycine. 

The  following  is  an  example  built  up  from  four  units : 

CH3  i  | 

H2N  .  CH  .  CO  NH  .  CH2 .  CO— NH  .  CH2 .  CO  NH  .  CH2 .  COOH 

Alanyl  ;  diglycyl  '•  glycine. 

Many  substances  of  this  type  have  been  prepared  ;  there  are 
good  reasons  for  the  belief  that  the  proteins  are  built  up  on 
the  same  plan,  but  from  several  hundred  amino  acid  units 
of  various  kinds.  In  digestion  the  proteins  are  first  acted  on 
in  the  stomach  by  an  enzyme  pepsin  which  produces  large 
fragments,  the  so-called  peptones.  No  peptone  has  been 
isolated  in  a  state  of  purity,  and  hence  a  distinct  name  peptide 
has  been  applied  to  the  above  synthetic  products.  The  name 
is  analogous  to  saccharide  and  we  speak  of  di-,  tri-  and 
polypeptides.  The  more  complicated  peptides  behave  in  many 
ways  like  the  peptones,  and  give  similar  colour  reactions.  By 
the  action  of  concentrated  acid  in  the  cold,  a  few  di-,  tri-  and 
tetrapeptides  have  been  isolated  directly  from  protein,  and 
what  is  especially  significant,  many  synthetic  peptides  are 
hydrolysed  by  the  enzyme  trypsin  which  brings  about  the 
digestion  of  peptones  in  the  intestine.  We  cannot  expect  that 
all  peptides  should  be  so  hydrolysed,  for  the  arrangement  of 
their  amino  acids  may  not  be  the  same  as  in  nature,  and  in 
particular  it  is  necessary  that  all  amino  acids  (with  the  exception 
of  glycine)  should  be  in  the  same  optically  active  form  in  which 
they  occur  in  the  proteins.  (Compare  glucosides,  p.  132.) 

Our  main  conclusion  then  is,  that  whilst  the  fats  are  esters, 
and  most  carbohydrates  are  ethers,  the  proteins  must  be 
regarded  as  amides.  The  fats  and  the  carbohydrates  are  built 
up  from  a  relatively  small  number  of  units,  but  at  least  twenty 
different  amino  acids  may  enter  into  the  constitution  of  the 
enormous  protein  molecule.  This  gives  rise  to  a  much  greater 
variety  among  proteins  than  among  carbohydrates  or  fats ; 
the  great  specificity,  on  which  the  physiological  importance  of 
the  proteins  depends,  will  be  discussed  in  a  subsequent  section. 
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We  have  seen  (p.  140)  that  ammonium  acetate  when  heated 
under  pressure  is  converted  into  acetamide 

CH3.C.O.NH4  -  CH3.C.NH2  +  H20 

6  6 

By  the  use  of  a  powerful  dehydrating  agent,  by  distilling  a 
mixture  of  acetamide  and  phosphorus  pentoxide,  the  dehydra¬ 
tion  can  be  completed  : 

ch3.c.nh2  +  p2o5  =  ch3.c  :  n  +  2hpo3 

6 

In  this  way  a  new  type  of  substance  is  formed,  having  a  triple 
bond  between  carbon  and  nitrogen.  The  carboxyl  group  of 
acetic  acid  has  been  converted  into  the  so-called  nitrile  group 
-C  •  N,  and  the  substance  which  is  thus  formed  from  acetamide 
is  termed  acetonitrile.  We  have  already  seen  that  the  de¬ 
hydration  of  ammonium  acetate  is  reversible ;  by  means  of 
acids  or  of  alkalies  acetamide  is  hydrolysed  to  acetic  acid  and 
an  ammonium  salt,  or  to  an  acetate  and  ammonia.  The  same 
applies  to  acetonitrile : 

CH3 .  C  j  N  +  HC1  +  2H20  =  CH3 .  COOH  +  NH4C1 
CH3 .  C  :  N  +  NaOH  +  H20  =  CH3 .  COONa  +  NH3 

It  is  sometimes  possible  to  stop  at  the  intermediate  stage  of 
the  amide. 

ch3.c  :  n  +  h2o  =  ch3.co.nh2 

This  reaction,  the  addition  of  water  to  a  triple  bond,  is  com¬ 
parable  to  the  catalytic  conversion  of  acetylene  into  acetalde- 
hyde  (p.  65), 

CH  •  CH  +  H20  =  CH3 .  CHO 

and  we  may  at  once  trace  a  further  analogy  to  acetylene.  In 
H5  K 
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both  cases  the  triple  bond  can  be  converted  into  a  single  bond 
by  reduction  : 

CH3.C;N+4H  =  CH3.CH2.NH2 
CH  ;  CH  +  4H  -  CH3.CH3 

By  means  of  (powerful)  reducing  agents  acetonitrile  is  converted 
into  ethylamine ;  this  illustrates  a  general  method  of  preparing 
primary  amines. 

The  above  two  reactions  leave  no  doubt  as  to  the  constitu¬ 
tion  of  the  nitrile  of  acetic  acid.  The  same  cannot  be  said 
of  the  analogous  substance  derived  from  formic  acid.  It  may 
have  the  constitution  of  formonitrile,  HC  •  N,  but  it  differs 
so  greatly  from  acetonitrile  in  chemical  and  pharmacological 
properties  that  another  constitution  is  not  unlikely,  viz., 
HN  :  C  = ,  with  bivalent  carbon,  as  in  carbon  monoxide.  (The 
carbon  in  the  fulminates  of  percussion  caps  is  probably  also 
bivalent,  eg.  (C  =  N  —  O  —  )2  Hg,  derived  from  the  oxime  of  carbon 
monoxide.)  Perhaps  the  substance  is  a  tautomeric  mixture  of 
both  modifications  and  sometimes  reacts  in  the  one  form,  some¬ 
times  in  the  other.  However  this  may  be,  we  will  here  employ 
the  formula  HC  •  N  with  quadrivalent  carbon  in  dealing  with 
this  important  substance,  which  is  hydrocyanic  or  prussic  acid. 
Of  the  two  hydrogen  atoms  of  formic  acid  only  one  is  replace¬ 
able  by  a  metal,  but  when  the  carboxyl  group  has  been 
converted  into  CN  the  remaining  hydrogen  atom  acquires 
acidic  properties ;  hydrocyanic  acid  is  a  weak  acid,  forming 
salts,  such  as  potassium  cyanide  KCN. 

Hydrocyanic  acid,  one  of  the  earliest  known  organic  sub¬ 
stances,  was  discovered  by  Scheele  (who,  independently  of 
Priestley,  also  discovered  oxygen).  Scheele  obtained  it  by 
distilling  potassium  ferrocyanide  with  sulphuric  acid.  From 
the  ferrocyanide  Prussian  blue  was  manufactured,  especially 
in  Berlin,  and  the  two  words  composing  the  name  of  this 
pigment  have  given  rise  to  the  names  prussic  acid  and 
hydrocyanic  acid  (cyanic,  from  Gk.  kuanos ,  a  dark -blue  mineral). 
Originally  potassium  ferrocyanide  was  prepared  by  heating 
animal  refuse  with  potash  and  iron ;  later  it  was  obtained 
from  the  spent  ferric  oxide  used  in  purifying  coal  gas,  and 
for  a  long  time  potassium  cyanide  was  made  by  heating  the 
ferrocyanide.  These  biological  sources  were  later  replaced 
by  the  atmosphere,  and  potassium  cyanide  was  prepared 
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from  calcium  cyanamide,  itself  formed  by  passing  nitrogen 
over  calcium  carbide  at  a  high  temperature.  Nowadays 
potassium  and  particularly  sodium  cyanide  are  once  more 
manufactured  from  organic  matter,  the  syrup  which  remains 
after  beet  molasses  have  been  freed  as  far  as  possible  from 
sugar.  This  mixture  is  rich  in  nitrogenous  substances  and  is 
distilled  in  a  retort.  The  gases  which  are  given  off  include 
CO,  CH4,  NH3  and  NH2.CH3,  and  by  passing  them  through 
a  superheater  at  ioooc  7  per  cent,  by  volume  of  HCN  is 
formed,  which  is  converted  into  more  or  less  impure  potassium 
or  sodium  cyanide.  Much  so-called  technical  potassium  cyanide 
is  in  reality  the  sodium  salt,  and  since  the  atomic  weight  of 
sodium  is  the  smaller,  pure  sodium  cyanide  may  be  designated 
as  “potassium  ”  cyanide  of  more  than  100  per  cent. 

The  cyanogen  ion  -CN  resembles  the  chlorine  ion.  Thus 
silver  cyanide  is  not  only  insoluble  in  water,  but  practically 
also  in  nitric  acid.  A  solution  of  a  cyanide  may,  however,  be 
distinguished  from  that  of  a  chloride  by  adding  a  soluble  zinc 
salt,  avoiding  excess  ;  zinc  cyanide  is  insoluble  in  water,  zinc 
chloride  is  freely  soluble.  The  similarity  between  cyanides  and 
chlorides  is  expressed  by  the  nomenclature ;  usually  the  ending 
ide  is  reserved  for  binary  compounds  (compare  sulphide  with 
sulphate,  chloride  with  chlorite).  In  this  case  the  cyanogen 
group  is  regarded  as  equivalent  to  a  single  element. 

Hydrocyanic  acid  may  be  prepared  by  distilling  potassium 
cyanide  or  potassium  ferrocyanide  with  dilute  sulphuric  acid, 
which  furnishes  a  dilute  aqueous  solution.  Concentrated 
sulphuric  acid  hydrolyses  formonitrile  to  formic  acid  and 
dehydrates  this  to  carbon  monoxide  (method  of  preparing  this 
gas  from  potassium  ferrocyanide).  By  using  moderately 
concentrated  sulphuric  acid  and  passing  the  vapours  through 
a  calcium  chloride  tube,  it  is  possible  to  obtain  anhydrous 
hydrocyanic  acid  as  a  colourless  liquid,  b.p.  26°. 

Hydrocyanic  acid  scarcely  reddens  litmus,  and  solutions  of 
potassium  and  sodium  cyanides  are  distinctly  alkaline.  The 
pure  anhydrous  acid  is  stable,  but  in  aqueous  solution  it 
gradually  changes  to  ammonium  formate. 

HCN  +  2H20  =  HCOONH4 

Hydrocyanic  acid  is  a  very  poisonous  substance,  particularly  in 
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the  anhydrous  form,  when  it  is  readily  absorbed  as  vapour  by 
the  lungs.  Yet  certain  alkaloids,  eg.  aconitine,  are  weight  for 
weight  more  poisonous,  and  some  complex  bacterial  toxins 
much  more  so.  Hydrocyanic  acid  is  a  general  protoplasmic 
poison  and  is  used  in  killing  rats  in  ships,  insects  on  fruit  trees, 
lice  in  clothing,  etc.  Nevertheless  hydrocyanic  acid  is  a  product 
of  vegetable  metabolism  ;  a  few  plants  give  off  small  quantities 
of  free  hydrocyanic  acid,  and  many  contain  so-called  cyano- 
genetic  glucosides,  of  which  amygdalin  in  bitter  almonds  is  the 
best  known  example.  These  glucosides  are  decomposed  by 
acids  or  ferments  into  hydrocyanic  acid,  sugar  and  other 
components.  Amygdalin  is  a  compound  of  the  nitrile  of 
mandelic  acid  with  two  molecules  of  glucose.  Mandelic  acid 
is  phenylglycollic  acid,  C6H5 .  CHOH  .  COOH,  and  its  nitrile  is 
therefore  C6H5 .  CHOH  .  CN  ;  since  the  nitrile  breaks  up  into 
benzaldehyde  and  hydrocyanic  acid,  and  can  be  reformed  from 
these  constituents,  it  is  also  termed  benzaldehyde  cyanhydrin. 
The  final  products  of  the  hydrolysis  of  amygdalin  then  are 
benzaldehyde  (“oil  of  bitter  almonds”),  hydrocyanic  acid,  and 
two  molecules  of  glucose. 

C20H27OnN  +  2H20  =  C6H5.CHO  +  HCN  +  2C6H1206 

Some  fodder  plants  containing  cyanogenetic  glucosides  have 
occasionally  caused  cattle  poisoning.  The  odour  of  hydrocyanic 
acid  resembles  that  of  bitter  almonds  and  to  some  extent  also 
that  of  nitrobenzene.  Perfectly  dry  potassium  cyanide  is 
odourless,  but  the  salt  is  hygroscopic  and  when  moist  is  decom¬ 
posed  by  carbonic  acid  from  the  atmosphere,  when  the  odour 
of  hydrocyanic  acid  can  be  perceived  :  hydrocyanic  is  an  even 
weaker  acid  than  carbonic. 

The  principal  cyanides  used  in  medicine  are  zinc  cyanide, 
which  is  insoluble  and  used  for  the  impregnation  of  surgical 
gauze,  and  mercuric  cyanide  which  is  soluble  in  water.  The 
latter  salt  is  peculiar  in  being  scarcely  ionized  so  that  it  behaves 
in  anomalous  fashion  to  many  tests,  both  for  mercury  and  for 
cyanides.  When  mercuric  cyanide  is  strongly  heated  it  breaks 
up  into  mercury  and  cyanogen  (p.  151). 

In  addition  to  the  above  simple  cyanides  there  are  a  large 
number  of  salts  in  which  cyanogen  forms  part  of  a  complex 
ion.  Thus  when  silver  cyanide  is  dissolved  in  potassium 
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+  ~ 

cyanide  the  salt  K  Ag(CN)2  is  formed.  The  most  important 
complex  cyanides  are  those  containing  iron. 

++++  —  —  —  — 

Potassium  ferrocyanide,  K4  Fe(CN)6,  was  formerly 
prepared  from  nitrogenous  animal  matter  and  is  still  obtained 
from  the  spent  oxide  of  gas  works  (see  p.  146,  manufacture  of 
hydrocyanic  acid),  but  is  now  largely  prepared  by  warming 
potassium  cyanide  solution  with  ferrous  hydroxide  or  carbonate 
(compare  test  for  nitrogen  in  organic  compounds,  p.  6,  foot¬ 
note).  Ferrous  cyanide,  formed  as  an  intermediate,  reacts  thus  : 

4KCN  +  Fe(CN)2  =  K4Fe(CN)6 

Potassium  ferrocyanide  forms  bright  yellow  crystals  (“yellow 
prussiate  of  potash”).  With  ferric  salts  it  yields  a  deep  blue 
precipitate  of  Prussian  blue,  the  accidental  discovery  of  which 

was  the  starting  point  of  cyanogen  chemistry. 

+ + +  —  —  — 

Potassium  ferricyanide,  K3  Fe(CN)6,  is  prepared  by 
oxidising  the  ferrocyanide  with  chlorine. 

2K4Fe(CN)6  +  Cl2  =  2KCI  +  2K3Fe(CN)6 

The  complex  ion  loses  a  negative  charge  (compare  the  oxidation 
of  potassium  manganate,  K2Mn04,  to  permanganate,  KMn04). 
Potassium  ferricyanide  forms  orange  red  crystals  (“  red  prussiate 
of  potash”).  W'ith  a  solution  of  a  ferric  salt  it  produces  a  dark 
brown  solution,  with  a  ferrous  salt  a  deep  blue  precipitate, 
similar  to  Prussian  blue.  This  pigment  is  insoluble  in  water 
but  if  washed  free  from  electrolytes,  dissolves  to  a  deep  blue 
colloidal  solution,  which  is  sometimes  used  as  ink.  Electrolytes 
again  precipitate  (flocculate)  this  sol.  Prussian  blue  is  therefore 
a  reversible  colloid,  unlike  colloidal  gold,  which  when  once 
precipitated,  does  not  again  form  a  sol  by  merely  washing 
away  the  electrolyte. 

ISONITRILES 

It  has  been  pointed  out  above  that  hydrocyanic  acid  might 
be  represented  by  more  than  one  formula.  This  is  deduced 
from  the  diversity  in  the  behaviour  of  various  simple  cyanides. 
Whilst  potassium  cyanide  reacts  in  alcoholic  solution  with 
methyl  iodide  mainly  to  form  acetonitrile, 

k  .  c :  n  +  ch3i  =  ch3  .  c  :  n  +  ki 
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the  chief  product  with  silver  cyanide  is  an  isomeride  with 
entirely  different  properties.  This  aceto-isonitrile  boils  220 
lower  than  acetonitrile  and  has  a  penetrating  offensive  odour. 

The  formula  CH3.N  =  C\^  is  assigned  to  it,  with  a  bivalent 

carbon  atom.  That  the  nitrogen  is  directly  attached  to  the 
methyl  group  results  from  the  hydrolysis ;  the  first  product 
with  mineral  acids  in  the  cold  is  methyl  formamide,  and  this 
is  of  course  ultimately  decomposed  into  a  methylamine  salt 
and  formic  acid  : 

CH3.N:C/+H20  =  CH3.NH.OCH 
CH3.NH.OCH  +  HC1  +  H20  =  CH3.NH3CI  +  HOOC.H 
On  the  other  hand,  acetonitrile  is  hydrolysed  as  follows  : 

ch3.c;n  +  h2o  =  ch3.co.nh2 

CH3.CO.NH2  +  HC1  +  H,0  =  CH3.COOH  +  NH4C1 

The  essential  difference  is  that  in  nitriles  all  the  carbon  atoms 
are  in  one  chain,  whereas  in  the  isonitriles  one  carbon  atom 
is  separated  from  the  rest  by  a  nitrogen  atom.  Hence  all 
nitriles  are  hydrolysed  to  ammonia,  all  isonitriles  to  formic 
acid ;  in  addition  the  nitriles  yield  an  acid  with  an  equal 
number  of  carbon  atoms,  the  isonitriles  a  primary  amine  with 
one  carbon  atom  less  (the  one  removed  as  formic  acid).  Since 
the  isonitriles  are  made  up  from  an  amine  residue  and  this 
extra  carbon  atom,  they  are  also  called  carbylamines.  The 
penetrating  unpleasant  odour  and  volatility  of  the  carbyl¬ 
amines  supplies  a  means  of  recognising  primary  amines;  these 
are  converted  into  carbylamines,  not  indeed  by  treatment  with 
formic  acid,  but  by  boiling  with  alcoholic  potash  and  chloroform. 
The  latter  substance  may  be  regarded  as  formic  acid  in  which 
the  oxygen  and  hydroxyl  group  are  replaced  by  three  chlorine 
atoms. 

CH3.NH2  +  3KOH  +  CHCI3  =  CHS.N:C<(+  3KCI  +  3H20 

This  carbylamine  or  isonitrile  reaction  is  only  given  by  primary 
amines,  as  the  equation  indicates.  The  isonitriles  are  not 
easily  hydrolysed  by  alkalies,  although  readily  by  acids. 

The  above-mentioned  preparation  of  acetonitrile  from  methyl 
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iodide  and  potassium  cyanide  is  much  more  important  than  the 
method  originally  mentioned  (dehydration  of  acetamide)  for  it 
consists  in  the  joining  of  two  carbon  atoms.  This  may  be 
expressed  by  the  additive  name  cyanide ;  thus  acetonitrile  is 
methyl  cyanide  CH3.CN;  succinonitrile  is  ethylene  dicyanide 
C2H4(CN)2.  This  method  of  preparing  organic  cyanides  from 
potassium  cyanide  enables  us  to  string  together  carbon  atoms 
in  a  straight  chain.  We  may  illustrate  such  a  synthesis  by  the 
conversion  of  ethyl  alcohol  into  zz-propyl  alcohol. 

C2H5OH - >  C2H5I - >  C2H5 .  CN 

The  ethyl  cyanide  or  propionitrile  may  be  converted  into 
propyl  alcohol  in  various  ways,  e.g.  via  propylamine,  by  reactions 
already  considered  (p.  146,  top). 

c2h5.c;n  +  4h  =  c2h5.ch2.nh2 

C3H7.NH2  +  HONO  =  C3H7.OH  +  H20  +  N, 

Propyl  alcohol  can  then  in  its  turn  be  converted  into  the  iodide, 
and  this  into  propyl  cyanide  =  butyronitrile,  and  so  on.  As 
a  second  example  of  synthesis  we  may  consider  the  conversion 
of  ethyl  alcohol  into  succinic  acid  : 

C2H5OH  C2H4  — ^  C2H4Br2  — >  C2H4(CN)2  — >  C2H4(COOH)2 

We  have  seen,  therefore,  that  a  cyanide  =  nitrile  may  be 
built  up  from  an  alkyl  halide  with  one  carbon  atom  less,  or 
may  be  obtained  from  an  amide  with  the  same  number  of 
carbon  atoms.  All  its  carbon  atoms  are  joined  together  in  one 
chain.  The  isonitriles,  carbylamines  or  isocyanides  are  less 
important ;  they  have  one  carbon  atom  separated  from  the  rest 
by  a  nitrogen  atom,  and  are  only  of  interest  to  us  as  a  means 
of  recognising  primary  amines  by  the  so-called  carbylamine 
reaction. 

CYANOGEN 

If  mercuric  cyanide  is  strongly  heated,  it  breaks  up  into 
mercury  and  a  poisonous  gas  which  burns  in  air  with  a  peach- 
coloured  flame  and  represents  the  cyanogen  radicle,  in  a  dimeric 
form. 

c :  n 

Hg(CN)2  =  Hg  +  | 

c ;  n 
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The  constitution  of  cyanogen,  or  dicyanogen,  follows  from  its 
conversion  into  ammonium  oxalate,  on  keeping  in  aqueous 
solution. 

c :  n  coonh4 

+  4H2O  = 

c :  n  “  coonh4 

Conversely  cyanogen  may  be  obtained  by  heating  ammonium 
oxalate  with  phosphorus  pentoxide.  The  above  constitution 
also  follows  from  the  reduction  of  cyanogen  to  ethylene 
diamine. 

c;n  ch2.nh2 

|  +  8H  =  | 

c;n  ch2.nh2 

We  have  seen  that  cyanogen  shows  considerable  analogy  to  the 
halogens.  This  is  further  illustrated  by  the  reaction  between 
copper  sulphate  and  potassium  cyanide,  which  behaves  here  like 
the  iodide. 

2CuS04  +  4KCN  =  Cu2(CN)2  4-  (CN)2  +  2K2S04 
2CuS04  +  4KI  -  Cu2I2  +  I2  +  2K2S04 

Yet  another  analogy  is  shown  when  cyanogen  is  passed  into 
potassium  hydroxide  solution  : 

2KOH  +  Cl2  =  KC1  +  KCIO  +  H20 

2KOH  +  (CN)2  -  KCN  +  KCNO  +  H20 

The  new  salt  KCNO  is,  however,  not  termed  hypocyanite  but 
simply  cyanate,  since  no  other  oxygenated  cyanogen  salt  is 
known. 

CYANIC  ACID 

The  method  just  indicated  for  making  potassium  cyanate 
is  chiefly  of  theoretical  interest.  This  salt  can  be  made  more 
readily  by  fusing  potassium  cyanide  with  lead  oxide, 

KCN  +  PbO  =  KCNO  +  Pb 

or  even  by  oxidising  the  cyanide  in  solution  with  potassium 
permanganate  (with  a  copper  salt  as  catalyst). 

The  constitution  of  cyanic  acid  HN :  C  :  O  (or  HOC  :  N  ?) 
and  its  derivatives  presents  the  same  kind  of  difficulty  as  that 
of  hydrocyanic  acid,  but  on  whatever  view  we  adopt,  cyanic 
acid  is  related  to  carbonic  acid,  just  as  hydrocyanic  is  to  formic. 
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Thus  aqueous  solutions  of  free  cyanic  acid  are  rapidly  hydrolysed 
to  ammonia  and  carbon  dioxide,  even  at  a  low  temperature, 

HCNO  +  H20  -  NH3  +  C02 

and  potassium  cyanate  changes  gradually  to  a  mixture  of 
potassium  and  ammonium  carbonates. 

2KCNO  +  4H20  =  K2C03  +  (NH4)2C03 

Our  interest  in  cyanates  is  due  to  the  conversion  of  ammonium 
cyanate  into  urea,  by  an  isomeric  change.  In  1828  the  German 
chemist  Wohler  attempted  to  prepare  ammonium  cyanate  by 
evaporating  a  solution  of  potassium  cyanate  and  ammonium 
sulphate.  Since  potassium  sulphate  is  insoluble  in  alcohol,  he 
extracted  the  residue  with  this  solvent;  he  did  not,  however, 
obtain  ammonium  cyanate,  but  crystals  of  pure  urea. 

NH4 .  CNO  ^  NH2 .  CO .  NH2 

It  was  said  of  Wohler,  in  allusion  to  the  story  about  Saul,  that 
he  set  out  to  find  an  ass  and  discovered  a  kingdom.  The 
artificial  preparation  of  a  typical  animal  product  attracted  much 
attention.  Up  till  then  it  was  considered  that  the  substances 
of  animals  and  plants  (organic  substances  in  the  original  sense, 
see  introduction)  could  only  be  produced  by  a  “vital”  force. 
Wohler’s  discovery  provided  an  argument  in  favour  of  the 
mechanistic  view,  which  attempts  to  explain  vital  phenomena 
by  means  of  physics  and  chemistry.  Physiology  bases  itself 
entirely  on  these  sciences,  and  supplies  the  principal  reason 
for  our  study  of  organic  chemistry. 

Strictly  speaking,  urea  was  not  the  first  vital  product  to  be 
produced  artificially.  Cyanogen,  which  can  be  obtained  from  its 
elements,  had  already  been  converted  a  few  years  earlier  into 
oxalic  acid,  a  product  both  of  plants  and  of  animals,  but  one  not 
so  intimately  and  generally  associated  with  metabolism  as  is 
urea.  Hence  Wohler’s  experiment  attracted  much  attention. 

Potassium  cyanide  fused  with  sulphur  yields  the  thiocyanate. 

KCN  +  S  -  KCNS 

Ammonium  thiocyanate  is  isomerised  to  thiourea  when  heated 
to  170°.  Ferric  thiocyanate  forms  a  blood-red  solution. 
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Urea  is  the  chief  product  of  nitrogenous  metabolism  in 
mammals,  and  results  from  the  breakdown  of  tissue  proteins 
and  the  proteins  of  food.  Nearly  all  the  carbon  of  amino  acids 
is  ultimately  eliminated  as  carbon  dioxide  through  the  lungs, 
but  the  nitrogen  passes  into  the  urine  mainly  in  the  form  of 
urea,  every  two  nitrogen  atoms  taking  one  carbon  atom  with 
them.  The  amount  of  urea  in  the  urine  of  an  adult  is  something 
like  2  per  cent,  which  for  a  daily  output  of  1500  c.c.  is  equivalent 
to  30  grams  of  urea,  or  half  a  gram  molecule.  We  see  from  the 
formula  CO(NH2)2  that  this  corresponds  to  half  a  gram  molecule 
of  nitrogen,  or  14  grams.  Most  proteins  contain  about  16  per 
cent,  of  nitrogen,  so  that  an  output  of  14  grams  of  urea-nitrogen 
corresponds  to  the  break  down  of  14x6-25  =  87-5  grams,  say 
90  grams  of  protein.  The  amount  of  urea  depends  on  the 
amount  of  protein  in  the  diet,  but  also  on  the  break  down  of 
tissue  proteins. 

Urea  can  be  prepared  from  urine  by  evaporating  to  a 
syrup,  extracting  with  hot  alcohol,  evaporating  the  alcohol  and 
precipitating  as  urea  nitrate  with  nitric  acid.  On  decomposition 
with  barium  carbonate  free  urea  is  obtained  and  crystallised. 

Urea  also  occurs  in  some  of  the  higher  fungi  (mushrooms). 

In  addition  to  the  first  synthesis  from  ammonium  cyanate 
(p.  153)  there  are  several  other  syntheses  of  urea,  recalling 
those  of  acetamide.  Carbonyl  chloride  or  phosgene,  the  acid 
chloride  of  carbonic  acid,  yields  urea  on  mixing  with  ammonia 
gas: 

/Cl  /NH2 

0:C<  +  4NH3  =  0:C<  +  2NH4C1 

XC1  XNH0 

ij 

Ammonium  carbonate  does  so  on  heating  by  itself : 

CO(ONH4)2  -  CO(NH2)2  +  2H20 
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These  reactions  illustrate  the  relation  of  urea  to  carbonic  acid, 
whence  urea  is  sometimes  called  carbamide.  In  accordance 
with  its  amide  nature  it  undergoes  hydrolysis  by  concentrated 
potassium  hydroxide  to  potassium  carbonate  and  ammonia  and 
by  the  enzyme  urease  to  ammonium  carbonate. 

7NH2  /O.NH4 

O  :  C<  +  2H20  =  O  :  C< 

xnh2  xo.nh4 

Since  in  urea  there  are  two  feebly  basic  groups  to  one  acidic, 
the  basic  properties  are  somewhat  more  pronounced  than  in 
acetamide.  Yet  urea  is  a  very  feeble  base;  its  salts,  such  as 
CO(NH2)2.  HC1  and  CO(NH2)2.  HN03,  are  soluble  in  water 
and  undergo  hydrolytic  dissociation.  The  nitrate  is  very 
slightly  soluble  in  concentrated  nitric  acid  and  can  be  separated 
by  addition  of  this  acid  to  a  sufficiently  concentrated  urea 
solution  (preparation  from  urine,  p.  154).  Urea  oxalate  is 
comparatively  little  soluble. 

Urea  forms  prisms,  readily  soluble  in  water  and  in  alcohol, 
but  not  in  ether,  and  melting  at  1320.  When  it  is  heated 
above  its  melting  point  ammonia  is  given  off,  and  the  melt 
becomes  viscous,  or  may  even  solidify,  owing  to  the  formation 
of  a  more  complicated  substance  of  higher  melting  point.  This 
is  biuret,  so-called  because  two  urea  residues  unite  after  the  loss 
of  a  molecule  of  ammonia. 


NHo.CO.NH  !H  +  HJ  TO.NE 


NH2.CO.NH.CO.NH2  +  NH3 


Biuret  is  much  less  soluble  than  urea  and  has  a  much  higher 
melting-point  (190°).  It  is  of  interest  because  of  the  pink 
coloration  which  it  gives  with  a  drop  of  dilute  copper  sulphate 
solution  and  caustic  soda.  The  pink  colour  is  due  to  a  complex 
ion  of  copper  and  biuret,  not  precipitated  by  alkali.  This 
reaction  can  be  used  as  a  test  for  urea  (after  heating,  to  form 
biuret),  but  is  chiefly  of  interest  as  the  prototype  of  a  very 
similar  test  for  proteins. 


An  alternative  formula  has  been  suggested  for  urea.  It 
is  argued  that  since  urea  only  combines  with  one  molecule  of 
nitric  acid,  the  nitrogen  atoms  must  be  dissimilar.  A  stronger 
argument  against  the  carbamide  formula  is  perhaps  the  com- 
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paratively  great  resistance  of  urea  to  hydrolysis ;  it  is  a  good 
deal  more  stable  than  acetamide.  (Compare  formation  of  urea 
by  hydrolysing  guanidine  with  baryta,  p.  161.)  Hence  the 
following  formulae  have  been  suggested  for  urea  and  its 
nitrate : 


HN  :  C 


7nh3 

xO 


HN  :  C 


nh3.no3 

OH 


The  formation  of  urea  from  ammonium  cyanate  in  Wohler’s 
synthesis  is  a  balanced  action,  and  at  a  high  temperature  the 
formation  of  ammonium  cyanate  from  urea  is  considered  to 
preponderate;  the  ammonium  cyanate  then  breaks  up  into 
ammonia  and  cyanic  acid,  and  the  latter  combines  with  a  second 
molecule  of  urea  to  form  biuret. 


/NHS 

HN:C<  I  =FiNH4.N:C:0 - ^NH3+HN:C:0 

xo 


HN  :  C  :  O 

Cyanic  acid 


+  HN:C< 

Urea 


nh3 

o 


HN  :  C .  OH 
>  NH 

HN  :  C  .  OH 


NH2.CO 
>  NH 

NH2.CO 


Biuret. 


Estimation  of  urea. — This  is  most  conveniently  carried 
out  by  allowing  sodium  hypobromite  to  act  on  the  urine 
and  measuring  the  nitrogen  which  is  given  off  according  to 
the  equation  : 

3NaBrO  +  CO(NH,)2  +  2NaOH  =  N2  +  3NaBr  +  Na2C03  +  3H20 

60  grams  22-4  litres 

The  effect  is  the  same  as  if  the  urea  were  hydrolysed  to 
carbonic  acid  and  ammonia,  and  the  latter  oxidised  to  nitrogen. 
The  experiment  may  be  made  in  a  ureometer  (Fig.  1 5).  A 
measured  volume  of  urine  contained  in  the  limb  U  is  gradually 
admitted  through  the  tap  into  the  wider  limb  H,  filled  with 
hypobromite  solution.  Care  must  be  taken  to  prevent  escape 
of  nitrogen.  The  limb  H  is  graduated  so  as  to  indicate 
directly  the  percentage  of  urea,  when  a  given  volume  of  urine 
is  introduced,  or  in  cubic  centimetres,  when  a  calculation  based 
on  the  above  equation  has  to  be  made.  In  practice  the  reaction 


DETERMINATION  OF  UREA 


157 


expressed  by  this  equation  is  not  quite  complete  and  a  correction 
may  be  made  by  adding  5  per  cent,  to  the  volume  of  gas 
actually  measured.  Ammonium  salts  which  are  present  in 
the  urine  in  small  amount  also  react  with  hypobromite  and 
slightly  increase  the  amount  of  gas.  The  same  method,  in 
a  suitable  micro-apparatus,  can  be  used  for  the  estimation  of 
the  urea  in  the  blood,  which  is  only  about  one  fiftieth  of  that 
in  urine.  Proteins  which  also  react  with  hypobromite,  have 
first  to  be  precipitated.  In  such  cases,  where  small  quantities 
of  urea  are  mixed  with  other  nitrogenous 
substances,  it  is  however  preferable  to  use  a 
much  more  specific  reaction,  the  hydrolysis  of 
urea  by  urease.  This  ferment  hydrolyses  urea 
to  ammonium  carbonate.  It  is  present  in  some 
micro-organisms  (e.g.  Micrococcus  urece)  which 
are  responsible  for  the  formation  of  ammonia 
when  urine  is  exposed  to  the  air.  Urease  is 
however  present  in  much  larger  quantities  in 
certain  beans,  notably  in  the  Soy  bean  (Soya 
hispida ),  and  a  commercial  enzyme  preparation 
from  this  source,  or  the  powdered  bean  itself, 
may  be  used.  The  urine,  diluted  with  water, 
is  acted  on  by  the  enzyme,  preferably  at  40° 
to  hasten  hydrolysis  ;  sodium  carbonate  is  then  added  to  liberate 
the  ammonia,  and  a  rapid  current  of  air  is  blown,  or  sucked  by 
means  of  a  filter  pump,  through  the  diluted  urine  and  then 
through  a  measured  volume  of  decinormal  acid.  In  this  way 
the  ammonia  is  swept  into  the  acid,  and  is  determined  by 
means  of  a  back  titration  with  methyl  red  as  indicator. 
Ammonium  salts  are  estimated  in  a  separate  sample  of  urine 
not  treated  with  urease,  and  their  ammonia  is  subtracted  from 
the  total  obtained  with  urease.  The  difference  between  the  two 
amounts  of  ammonia  is  derived  from  the  urea. 


0:C< 


NTT 


NHt 


>  0:C< 


UNIT 


UNIT 


->  2NH, 


Since  two  molecules  of  ammonia  correspond  to  one  of 
urea  1  litre  of  normal  ammonia  (and  acid)  corresponds  to 
60:2  =  30  grams,  1  c.c.  of  on  N  acid  to  3  mg.  of  urea. 
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CARBAMIC  ACID.  CYANAMIDE.  URETHANE 


We  have  seen  that  ethylsulphuric  acid  is  partly  an  acid 
and  partly  an  ester,  and  is  intermediate  between  sulphuric 
acid  and  diethyl  sulphate.  Similarly  we  can  imagine  a  sub¬ 
stance  which  is  partly  an  acid  and  partly  an  amide,  and  is 
intermediate  between  carbonic  acid  and  urea.  This  substance 
is  termed  carbamic  acid. 


HO . CO . OH 

Carbonic  acid 


nh2.co.oh 

Carbamic  acid 


nh2.co.nh2 

Urea. 


It  is  not  known  in  the  free  state,  since  it  breaks  up  into 
NH3  +  C02.  Its  ammonium  salt,  ammonium  carbamate,  is, 
however,  one  of  the  chief  constituents  of  commercial  ammonium 
carbonate,  and  is  formed  according  to  the  equation 

2NH3  +  C02  =  NH2.COONH4 

We  have  seen  that  urea,  like  other  amides,  may  be  made  by 
heating  an  ammonium  salt  under  pressure.  In  this  particular 
case  ammonium  carbamate  is  an  intermediate  stage : 


0:C< 


TNH 


'ONE 


Carbonate 


/NH2 

O  :  C<  +  HA)  =  0:0 

xonh4 

Carbamate 


NHf 


'NH2 

Urea. 


+  2H20 


The  nitrile  of  carbamic  acid  is  a  solid  known  as  cyanamide, 
H2N  .  CN.  Its  calcium  salt,  calcium  cyanamide,  CaN.CN,  is 
prepared  on  a  large  scale  by  heating  calcium  carbide  in  an 
atmosphere  of  nitrogen. 

/C 

Ca<  HI  +  N2  =  CaN.C  i  N  +  C 
XC 

The  substance  is  used  as  a  fertiliser  (“  nitrolime  ”)  and  is 
gradually  decomposed  by  water  with  the  production  of 
ammonia. 

CaN .  CN  +  3H0O  =  CaC03  +  2NH3 

Carbamic  acid  can  also  exist  in  the  form  of  esters,  known 
generically  as  urethanes.  Ethyl  carbamate,  ethyl  urethane  or 
simply  urethane,  NH2.COOC2H5,  is  to  some  extent  still  used 
as  a  hypnotic,  but  is  scarcely  powerful  enough  for  adults.  It 
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has,  however,  led  to  a  whole  series  of  other  urethanes  and 
urea  derivatives,  which  includes  such  well-known  hypnotics  as 
veronal.  It  may  be  of  interest  to  trace  the  chain  of  ideas  which 
led  to  these  numerous  substances.  In  the  first  place  other 
alcohols  have  been  used  instead  of  ethyl  alcohol  {eg.  trichlorethyl 
alcohol  in  voluntal).  In  the  second  place,  since  urethane  is  still 
an  amide,  other  amides  have  been  tried,  particularly  those  related 
to  isovaleric  acid,  (CH3)2CH  .  CH2 .  COOH,  since  an  extract 
of  valerian  root  was  formerly  popular  as  a  sedative.  This  has 
led  to  such  substances  as  valyl,  (CH3)2CH  .  CH2 .  CO  .  N(C2H5)2. 
The  well-known  sedative  action  of  alkaline  bromides  then 
suggested  the  introduction  of  a  bromine  atom  into  the  molecule 
eg.  (C2H5)2CBr .  CO  .  N  H2  (neuronal).  The  next  step  was  the 
introduction  of  a  second  amide  group  and  a  closer  approximation 
to  urethane,  by  using  urea  derivatives,  in  which  one  hydrogen 
atom  is  replaced  by  an  acyl  group.  In  this  way  so-called 
ureides  are  formed.  Thus  acetyl  urea  CH3 .  CO — NH  .  CO  .  N  H2 
is  the  ureide  of  acetic  acid,  and  biuret  NH2 .  CO — NH  .  CO  .  NH2 
the  ureide  of  carbamic  acid.  The  following  ureides  are  useful 
mild  hypnotics  : 

(C2H5)2CBr .  CO  .  NH  .  CO  .  NH2  (adalin) 

(CH3)2CH  .  CHBr .  CO  .  NH  .  CO  .  NH2  (bromural) 

The  hypnotic  effect  can,  however,  be  greatly  increased  by 
joining  both  amino  groups  of  urea  to  the  carboxyls  of  a  dibasic 
acid,  so  as  to  make  a  ring,  a  cyclic  ureide.  The  dibasic  acid  chiefly 
employed  for  this  purpose  is  malonic,  HOOC  .  CH2 .  COO  H,  the 
homologue  intermediate  between  oxalic  and  succinic  acids. 
Combined  with  urea  it 


CO  OH  H  !  NH  CO— NH 

/  1 . :  \  /  \  Jr 

H0C  +  CO - >  H,,C  CO 

\  . .  /  _\  / 

CO  OH  H  :  NH  CO— NH 


Malonic  acid  Urea  Barbituric  acid. 


constitutes  malonyl  urea  or  barbituric  acid  (“acid,”  because  the 
hydrogen  atom  of  an  imino  group  N  H  :,  situated  between 
two  CO  groups,  is  replaceable  by  a  metal).  It  is  possible  to 
introduce  alkyl  groups  into  the  methylene  group  of  malonic 
acid,  and  in  this  way  substituted  barbituric  acids  are  obtainable, 
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the  best  known  of  which  is  the  diethyl 
(barbitonum  B.P.). 


CO— NH 


CO— NH 


derivative,  veronal 


Veronal 


The  more  soluble  sodium  derivative  is  medinal. 

Ethyl  groups  were  introduced  into  veronal  under  the  mis¬ 
taken  impression  that  they  have  a  specific  hypnotic  effect 
(suggested  by  their  presence  in  the  much  older  hypnotics 
sulphonal,  trional,  tetronal).  Later  it  was  found  that  other 
alkyl  groups  have  a  similar  effect.  Thus  dial  is  diallylbarbituric 
acid,  containing  twice  over  the  group  CH2 :  CH .  CH2-  instead 
of  CH3-CH2~.  The  object  of  introducing  an  unsaturated 
alkyl  radicle  is  to  promote  the  oxidation  of  the  substance  in 
the  body,  and  so  to  limit  the  after  effects  of  the  drug.  The 
replacement  of  one  ethyl  group  of  veronal  by  a  phenyl  group 
leads  to  phenylethylbarbituric  acid  or  luminal,  which  is  a 
particularly  powerful  hypnotic  used  in  epilepsy. 


CO .  NH 


CO 


\ 

CO 

NH 


GUANIDINE  DERIVATIVES 

If  the  oxygen  of  urea  is  replaced  by  the  bivalent  imino 
group,  a  powerful  base  results,  which  is  also  obtainable  by  the 
oxidation  of  guanine  occurring  in  guano.  The  base  is  hence 
called  guanidine. 

nh2 

NH  :  C 
NH2 

It  can  be  prepared  by  the  action  of  ammonia  on  cyanamide, 
the  nitrile  of  carbamic  acid  (p.  158). 

NH2.C;N  +  HNH2  =  NH2.C(:NH).NH2 
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Guanidine  (diamino-iminomethane)  is  hydrolysed  by  baryta  to 
urea  and  ammonia : 

nh2  nh2 

HN  :  C  +  H20  =  0:C  +  NH3 

•  • 

nh2  nh2 

In  addition  to  guanine,  there  are  other  derivatives  of  guanidine 
of  considerable  physiological  interest  (creatine,  creatinine, 
arginine).  Creatine  (Gk.  kreas-atos ,  meat)  is  an  important 
constituent  of  muscle,  and  occurs  in  meat  extract.  It  is 
hydrolysed  by  baryta  to  urea  and  sarcosine  (Gk.  sarx ,  sarkos, 
flesh)  or  N-methyl  glycine,  CH3 .  NH  .  CH2 .  COOH,  a  doubly 
substituted  ammonia.  Since  guanidine  is  similarly  hydrolysed 
to  urea  and  ammonia  itself,  creatine  is  a  guanidine  in  which 
the  two  hydrogen  atoms  of  one  amino  group  are  replaced  by 
-CHo  and  -CH2COOH,  i.e.  methylguanidino  acetic  acid  : 

/CH3 

N\ 

|  xch2.cooh 

HN  :  C 

nh2 


The  hydrolysis  of  creatine  by  baryta,  therefore,  takes  place  as 
follows  : 


H2N  : 

HN:C  —  N 
H  O  j  H 


XH3 

ch2.cooh 


> 


H2N 

H2N  .  C  +  HN 
♦  • 

o 


CH.2 .  COOH 


Just  as  guanidine  can  be  synthesised  from  cyanamide  and 
ammonia,  so  creatine  results  from  cyanamide  and  sarcosine. 
Sarcosine  is  prepared  from  methylamine  and  chloracetic  acid. 

2NH2.CH3  +  ClCH2.COOH 

=  CH3.NH.CH2.COOH  +  CH3.NH3C1 

Sarcosine  and  cyanamide  combine  together  in  aqueous  solution  : 


H2N 
N  j  C 


+  HN< 


CHc 


CH0 .  COOH 


H2N 

HN :  C— N 


/CH3 

CH, . COOH 
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On  heating  with  dilute  acids  creatine  loses  a  molecule  of  water 
and  forms  the  cyclic  anhydride  creatinine.  The  molecule  of 
water  is  made  up  from  a  hydrogen  atom  of  the  amino  group 
and  the  hydroxyl  of  the  carboxyl  group. 


CH2 - N 

COOH  H2N 

Creatine 


ch3 

C  :  NH 


-h20 


+  h20 


ch2 

-N< 

CO - 

-HN/ 

Creatinine. 


CHg 
C :  NH 


Hence  creatinine  is  a  cyclic  amide.  Since  lactic  acid  is  present 
in  muscle,  the  evaporation  of  commercial  meat  extracts  results 
in  the  partial  conversion  of  creatine  into  creatinine.  Creatinine 
is  not  itself  present  in  muscle,  but  is  on  the  other  hand 
a  normal  constituent  of  urine.  Since  it  has  no  carboxyl  group 
it  is,  unlike  creatine,  a  well-marked  base  and  can  be  directly 
precipitated  from  urine  by  picric  acid. 

Arginine,  one  of  the  amino  acids  of  protein,  is  a-amino 
(5-guanidino  normal  valeric  acid.  Valeric  acid  is  the  homologue 
of  butyric  acid  with  five  carbon  atoms.  In  all  amino  acids 
of  protein  there  is  an  a-amino  group.  In  arginine  there  is, 
in  addition,  a  guanidino  group  attached  to  the  terminal  or 
S  carbon  atom.  The  amino  group  is  ammonia  minus  hydrogen, 
and  similarly  the  guanidino  group  is  guanidine  minus  hydrogen, 
i.e.  NH2 .  C(  :  NH) .  NH-.  Hence  a-amino-$-guanidinovaleric 
acid  has  the  constitution  : 


H2N: 

HN  :  C  4-  NH  .  CH2 .  CH2 .  CH2 .  CH(NH2)COOH 
HO  |  H 

Hydrolysis  of  arginine. 

Like  other  guanidine  derivatives  arginine  is  hydrolysed  by 
boiling  with  baryta,  and  urea  is  one  of  the  products.  The  other  is 
a-ckdiaminovaleric  acid,  NH2.CH2.CH2.CH2.CH(NH2)COOH. 
Conversely  arginine  can  be  synthesised  from  this  diamino  acid 
and  cyanamide,  in  the  way  already  indicated  for  guanidine  and 
creatine.  The  hydrolysis  of  arginine  is  brought  about  by  an 
enzyme  arginase  which  occurs  in  the  liver.  It  does  not  attack 
creatine  or  other  guanidine  derivatives,  and  so  illustrates  the 
specificity  of  enzyme  action. 
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We  have  hitherto  been  concerned  with  compounds  in  which 
the  carbon  atoms  are  arranged  in  a  row  or  chain ;  since  these 
chains  occur  most  typically  in  the  higher  fatty  acids,  the  whole 
group  of  compounds  so  far  dealt  with  is  termed  fatty  or  aliphatic 
(Gk.  aleiphar ,  fat).  This  group  is  biologically  the  most  important 
and  has  sufficed  to  illustrate,  in  elementary  fashion,  how  the 
main  constituents  of  our  food  and  of  our  body  are  built  up. 
Aliphatic  compounds,  however,  constitute  a  relatively  small 
proportion  of  known  organic  compounds  ;  the  majority  belong 
to  another  group  which  is  largely  obtained  from  coal-tar  and 
is  of  great  industrial  importance.  This  group  comprises  dyes 
and  many  drugs,  but  only  a  few  important  constituents  of  the 
body.  Hence  it  is  treated  quite  briefly  in  this  book. 

The  substances  which  we  are  about  to  consider  contain  a 
nucleus  of  six  carbon  atoms  arranged,  not  in  a  straight  chain, 
but  in  a  ring  or  hexagon.  These  six  atoms  hold  together  with 
great  tenacity  and  constitute  a  stable  core  which  is  not  readily 
broken  even  by  powerful  reagents.  The  simplest  compound 
containing  this  nucleus  only  is  the  hydrocarbon  benzene,  C,H, 
Benzene  derivatives  are  also  known  as  aromatic  compounds, 
because  many  of  the  more  volatile  examples  have  a  fragrant  odour. 
The  name  is  perhaps  not  very  apt  since  pleasant  (and  unpleasant) 
odours  are  also  encountered  among  aliphatic  compounds. 

Benzene  and  a  number  of  its  derivatives  are  present  in 
coal-tar,  but  it  must  not  be  supposed  that  they  occur  in  coal, 
still  less  that  they  occurred  in  the  plants  from  which  coal 
originated.  The  tar  is  produced  by  heating  coal  usually  to 
about  iooo°,  in  the  absence  of  air,  and  at  this  high  temperature 
profound  changes  occur.  Most  of  the  carbon  remains  behind 
in  the  retort  as  coke,  but  some  unites  with  hydrogen  to  form 
acetylene,  and  this  hydrocarbon  is  then  mainly  polymerised 
to  benzene. 

3c2h2  ^  C6Hc 
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Thus  benzene  can  be  made  experimentally  by  passing  acetylene 
through  a  red-hot  tube  ;  the  change  is,  however,  not  complete, 
and  conversely  some  acetylene  is  formed  under  these  conditions 
from  pure  benzene  vapour :  the  reaction  is  balanced.  Thus 
benzene  and  similar  hydrocarbons  are  formed  in  the  very  hot 
retort,  and  further,  through  the  participation  of  other  elements 
of  the  coal,  small  quantities  of  oxygen-,  nitrogen-  and  sulphur 
compounds  result.  All  these  are  carried  away  by  the  coal-gas, 
as  vapour  or  spray  ;  but  when  the  gas  is  cooled  by  passing  through 
water  (in  the  “hydraulic  mains”),  the  more  complicated  com¬ 
pounds  settle  down  as  a  thick  liquid,  coal-tar,  which  is  black 
owing  to  finely  divided  carbon. 

Dry  wood  contains  about  50  per  cent,  of  carbon  (how  much 
does  cellulose?).  In  fossil  wood  this  proportion  rises,  and 
ordinary  coal  has  about  80  per  cent.,  anthracite  about  90  per 
cent,  of  carbon.  The  rest  is  chiefly  hydrogen,  oxygen,  nitrogen, 
sulphur  and  mineral  constituents.  The  nitrogen,  originally 
present  in  the  protein  of  the  vegetation  of  the  coal  measures, 
is  mainly  given  oft'  as  ammonia,  which  dissolves  in  the 
hydraulic  mains  as  carbonate  and  sulphide.  From  the 
ammoniacal  liquor  formed  in  this  way  pure  ammonium  salts  are 
prepared,  and  when  these  are  used  as  fertilisers,  the  nitrogen  of 
the  fossil  plants  once  more  enters  the  protein  of  a  living  cell. 
The  crude  coal-gas,  after  passing  through  the  hydraulic  main,  is 
thoroughly  washed  to  remove  traces  of  suspended  tar  and  is 
passed  over  slaked  lime,  in  order  to  eliminate  carbon  dioxide, 
carbon  bisulphide  and  hydrogen  sulphide.  (Sulphur,  like 
nitrogen,  is  an  essential  constituent  of  living  organisms.) 

Coal-gas  varies  greatly  in  composition  according  to  the  kind 
of  coal  used  and  the  temperature  employed  in  its  distillation. 
The  following  table  gives  the  composition  of  a  purified  sample 
obtained  by  distillation  at  about  iooo0 : — 


Hydrogen  .  .  .  .  -5° 

Methane  .  .  .  .  -35 

Carbon  monoxide  .  .  .  -4 

Ethylene,  etc.  .  .  .  .4 

Carbon  dioxide  .  0-5 

Oxygen  .  .  .  .  .0-5 

Nitrogen  .  .  .  .  -4 
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It  should  be  noted  that  the  principal  constituents  of 
coal-gas  burn  with  a  non-luminous  or  feebly  luminous  flame. 
The  illuminating  power  is  mainly  due  to  unsaturated  hydro¬ 
carbons,  of  which  ethylene,  acetylene,  and  benzene  vapour 
are  the  chief.  As  the  analysis  shows,  these  unsaturated 
substances  exist  in  very  small  proportions  in  the  gas,  yet 
their  presence  is  indispensable  if  the  gas  is  to  be  used  directly 
as  an  illuminant.  For  heating  purposes,  or  for  burning  mixed 
with  air  in  a  burner  for  incandescent  lighting,  the  presence  of 
these  substances  is  not  necessary.  The  oxygen,  carbon  dioxide, 
and  nitrogen  which  the  coal-gas  contains  may  be  regarded  as 
impurities. 

In  gas  works  coke  and  tar  are  by-products.  A  much  larger 
proportion  of  the  world’s  coal  is,  however,  heated  in  special 
ovens  to  produce  coke,  required  for  the  reduction  of  iron  ores 
in  blast  furnaces ;  the  by-products  of  coke  ovens,  gas  and 
tar,  were  at  one  time  wasted,  but  are  now  recovered  and 
utilised. 


DISTILLATION  OF  COAL-TAR 

The  numerous  compounds  present  in  coal-tar  (some  225 
have  been  isolated)  are  separated  by  fractional  distillation  and 
by  chemical  means.  The  first  fraction,  light  oil,  boiling  below 
170°,  is  mainly  composed  of  hydrocarbons  and  is  freed  from 
small  quantities  of  acidic  substances  (carbolic  acid)  by  washing 
with  caustic  soda,  and  from  basic  substances  by  washing  with 
sulphuric  acid.  On  refractionation  benzene  and  its  homologues 
(toluene,  xylene,  etc.)  are  finally  obtained.  A  second  fraction, 
carbolic  oil  (170°  to  240°),  contains  chiefly  carbolic  acid  and 
naphthalene ;  the  latter  partially  crystallises  on  cooling,  and  can 
then  be  separated  and  purified.  A  third  fraction,  creosote  oil 
(230°  to  270°),  contains  naphthalene  and  homologues  of  carbolic 
acid  ;  it  is  used  for  preserving  timber.  The  highest  fraction, 
anthracene  oil,  boiling  above  350°,  is  the  source  of  the  solid 
hydrocarbon  anthracene,  from  which  valuable  dyes  are  made. 
The  large  residue,  which  cannot  be  distilled,  is  run  out  of  the 
still  when  still  warm  ;  it  is  called  pitch  and  is  used  on  roads 
and  for  briquettes,  etc.  At  the  ordinary  temperature  it  is  one 
of  the  most  viscous  of  liquids. 
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CONSTITUTION  OF  BENZENE 


As  was  pointed  out  above,  this  is  the  simplest  compound 
containing  the  characteristic  nucleus  of  six  carbon  atoms. 
Substances  containing  this  core  were  observed  long  ago  among 
natural  products.  By  distillation  of  gum  benzoin  a  solid, 
“  benzoic  acid”  C6H5.COOH  had  been  obtained,  which  is 
benzene,  in  which  one  of  the  hydrogen  atoms  is  replaced  by 
a  carboxyl  group.  Another  natural  product,  oil  of  bitter 
almonds,  was  found  to  be  oxidisable  to  benzoic  acid ;  it  is 
benzaldehyde,  C6H5.CHO.  Benzene  itself  was  discovered 
more  than  a  century  ago  by  Faraday,  but  for  a  long  time 
the  number  of  its  known  derivatives  was  small,  compared 
with  that  of  aliphatic  compounds.  Later  the  position  was 
reversed,  and  at  the  present  day  by  far  the  largest  proportion 
of  the  quarter  of  a  million  of  known  carbon  compounds  are 
derivatives  of  benzene.  This  reversal  is  due  to  two  causes  : 
to  the  great  use  which  has  been  made  of  the  products  of 
coal-tar  distillation,  and  to  a  fruitful  hypothesis  concerning 
the  structure  of  benzene,  put  forward  by  Kekule  in  1865. 
According  to  this  hypothesis  the  six  carbon  atoms  of  benzene 
are  arranged  in  a  regular  hexagon,  and  each  bears  one 
hydrogen  atom.  A  formula  like  the  following : 


CH 


HC/^CH 


HC 


CH 


\/ 


CH 


accounts  for  three  of  the  valencies  of  each  carbon  atom  ;  the 
fourth  causes  some  difficulty.  Kekule  supposed  that  the  carbon 
atoms  are  alternately  united  by  double  and  single  bonds : 


CH 


CH 


CH 

Kekule’s  formula 


CH 

Centric  formula. 


ISOMERISM  OF  SUBSTITUTION  PRODUCTS  16; 


others  have  imagined  that  opposite  carbon  atoms  are  united. 
No  entirely  satisfactory  simple  benzene  formula  has  been 
proposed  and  the  nature  of  the  six  valencies  may  be  left 
undetermined,  by  pointing  them  towards  the  centre,  or  by 
leaving  them  out  altogether,  and  writing  a  simple  hexagon. 
Apart  from  this  uncertainty  the  hexagonal  arrangement, 
which  is  the  essence  of  Kekule’s  hypothesis,  explains  many 
experimental  facts : — 

(1)  That  the  six  hydrogen  atoms  are  equivalent.  Only  one 
mono-substitution  product  can  be  formed ;  there  is  for  instance 
only  one  bromobenzene,  one  benzoic  acid,  one  methylbenzene 
(toluene). 

(2)  That  all  di-substitution  products  exist  in  three  isomeric 
modifications.  As  soon  as  one  hydrogen  has  been  replaced, 
eg.  by  bromine,  the  hexagonal  formula  predicts  that  we  can 
introduce  the  second  substituent  in  three  different  places ;  this 
substituent  may  replace  a  hydrogen  immediately  adjoining 
the  one  already  substituted,  thus  yielding  a  so-called  ortho 


Br  Br 

Hr  \  /^Br 

Br 

/\ 

Br 

/\ 

Br 

/\ 

\/  \/ 

Br\/ 

\/Bl’ 

\/ 

Br 

ortho  0- 

meta  m- 

para  p-. 

derivative ;  it  may  enter  into  a  position  which  is  next  but  one 
to  the  first  substituent,  leading  to  a  met  a  derivative ;  finally, 
if  we  replace  the  hydrogen  opposite  the  first,  we  obtain 
a  para  derivative.  Thus  there  are  three  dibromobenzenes, 
and  in  the  same  way  three  bromobenzoic  acids,  three  bromo- 
toluenes,  etc. 

(3)  That  when  the  same  substituent  is  introduced  three  times, 
there  are  possible  three,  and  only  three  isomerides.  An 
exploration  of  the  various  possibilities  will  show  us  which  of 
the  three  di-substitution  products  has  adjacent  substituents,  and 
should  be  labelled  “  ortho,”  which  is  the  “  meta,”  and  which 
the  “  para  ”  derivative.  Let  us  begin  with  the  ortho  derivative. 
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It  is  possible  to  introduce  the  third  bromine  atom  into  i  :  2 
dibromobenzene  in  position  3,  which  furnishes  1:2:3  tribromo- 
benzene  (I).  It  is  further  possible  to  introduce  the  third 
bromine  into  position  4,  which  yields  a  new  compound, 
1  :  2  : 4  (I  I).  On  the  other  hand  1:2:5  bromobenzene  will  be 
the  same  as  the  I  :  2  14,  since  positions  4  and  5  are  symmetrical. 
Similarly  the  1:2:6  derivative  will  be  the  same  as  the  1:2:3, 
since  positions  3  and  6  are  symmetrical. 


We  next  consider  the  possibilities  presented  by  the  meta 
derivative ;  an  additional  bromine  atom  in  position  2  yields 
again  1:2:3  tribromobenzene  (I) ;  putting  it  into  position  4, 
we  obtain  the  1:3:4  compound,  identical  with  the  1:2:4;  putting 
it  into  position  5  we  have  something  new,  the  1:3:5  derivative 
(III).  Substitution  in  position  6  yields  1:3:6,  identical  with 
1:2:4.  Finally,  we  consider  paradibromobenzene ;  its  four 
hydrogen  atoms  are  all  symmetrically  disposed  so  that  only  one 
tribromo  derivative  can  be  formed,  the  1  : 2  : 4  (II). 

We  see,  therefore,  that  of  the  three  dibromobenzenes  that 
one,  which  gives  rise  to  only  one  tribromo  derivative  (II),  must 
be  the  para  compound.  That  which  furnishes  two  tribromo- 
benzenes  (I  and  II)  is  the  ortho  compound;  finally,  that 
one  which  yields  all  the  three  tribromobenzenes,  must  be 
labelled  “  meta.” 


As  long  as  the  three  substituents  are  of  the  same  kind, 
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three,  and  not  more  than  three,  tri-substitution  products  are 
actually  obtained,  as  indicated  by  the  hexagonal  formula. 
Kekule’s  scheme  also  makes  the  formation  of  benzene  from 
acetylene  quite  intelligible  : 
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CH 
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It  further  explains  that  when  benzene  vapour  and  hydrogen 
are  passed  over  certain  catalysts,  such  as  finely  divided  nickel, 
hexahydrobenzene,  C6H12,  is  formed,  which  may  be  regarded  as 
hexane  of  which  the  two  ends  are  joined,  forming  a  ring ;  it 
may  therefore  be  termed  cyclohexane. 
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Cyclohexane  occurs  in  Caucasian  petroleum  ;  its  hexahydroxy- 
derivative  C6H6(OH)6  is  inositol,  a  sugar-like  substance 
occurring  in  heart  muscle.  Very  powerful  reducing  agents 
open  the  ring  of  cyclohexane  and  produce  normal  hexane. 

There  are  some  objections  to  Kekule’s  formula.  It  provides 
for  the  existence  of  two  ortho  derivatives,  one  with  a  single 
bond  between  the  two  carbon  atoms  which  bear  the  substituents, 
the  other  with  a  double  bond  between  them  ;  actually  this  kind 
of  isomerism  has  not  been  observed.  Further,  the  double  bonds 
of  Kekule’s  formula  are  not  comparable  to  the  double  bond  in 
such  aliphatic  compounds  as  ethylene  and  oleic  acid  ;  they  are 
not  equally  unsaturated.  It  is  true  that  benzene  can  be  reduced 
by  hydrogen  and  nickel  in  much  the  same  way  as  triolein  may 
be  converted  into  tristearin  (in  the  so-called  hardening  of  fats). 
But  the  ready  addition  of  bromine  at  the  double  bond,  which 
is  so  characteristic  of  aliphatic  unsaturated  compounds,  does 
not  take  place  in  this  fashion  with  benzene  and  its  derivatives ; 
the  action  of  bromine  is  rather  one  of  substitution.  We  will 


ORGANIC  CHEMISTRY 


170 


henceforth  represent  the  benzene  nucleus  merely  by  a  hexagon  ; 
it  is  to  be  understood  that  each  of  the  angles  of  the  hexagon 
represents  a  carbon  atom,  and  that  this  carbon  atom  bears  a 
hydrogen  atom,  unless  a  substituent  is  put  in  its  place.  Thus 
both  the  annexed 


CH3 

c 


c 

Br 


formulae  represent  i-methyl-2-chloro-4-bromobenzene  and  since 
methyl  benzene  is  toluene,  we  may  call  the  substance  also 
2-chloro-4-bromotoluene  (in  the  latter  nomenclature  it  is 
understood  that  the  numbering  begins  with  the  methyl  group 
which  is  the  characteristic  feature  of  toluene). 


PROPERTIES  OF  BENZENE  AND  ITS 

HOMOLOGUES 

Benzene  is  the  simplest  aromatic  hydrocarbon  obtained  from 
coal-tar  and  also  occurs  in  Californian  and  Borneo  petroleum  ; 
b.p.  8o°.  An  additional  methyl  group  raises  the  boiling  point 
in  much  the  same  way  as  in  the  aliphatic  series  ;  toluene  boils 
at  iio°.  The  difference  of  30°  is  not  enough  for  a  ready 
separation,  but  by  repeated  fractionating  with  a  suitable  still 
head  the  benzene  may  be  so  far  purified  that  it  can  be  frozen, 
when  the  crystallised  benzene  can  be  completely  separated 
from  its  homologue.  (Pure  benzene  melts  at  about  50;  toluene 
does  not  freeze.) 

At  ordinary  temperature  benzene  is  a  colourless  liquid 
having  a  characteristic  odour  (d  —  088  ;  “light  oil”).  It  burns 
with  a  luminous  smoky  flame  and  may  thus  be  distinguished 
from  light  petroleum,  a  mixture  of  aliphatic  hydrocarbons  con¬ 
taining  a  larger  proportion  of  hydrogen.  (Compare  methane, 
ethylene  and  acetylene,  where  increase  in  the  proportion  of 
carbon  also  confers  an  increased  luminosity  on  the  flame.) 
On  the  principle  that  “like  dissolves  in  like,”  benzene  and  its 
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homologues,  being  devoid  of  a  hydroxyl  group,  are  practically 
insoluble  in  water,  but  are  good  fat  solvents.  (The  names 
benzol,  toluol  and  xylol  are  sometimes  used,  but  it  is  prefer¬ 
able  to  reserve  the  ending  ol  for  hydroxylated  compounds, 
such  as  alcohol,  glycerol,  etc.) 

Toluene  is  so  called  because  it  can  be  obtained  by  distilla¬ 
tion  of  balsam  of  Tolu  (a  vegetable  product,  official  in  the 
Pharmacopoeia).  It  is  obtained  in  large  quantity  from  coal-tar 
and  also  from  Borneo  petroleum  (along  with  its  homologues). 

Commercial  xylene  consists  of  the  three  isomeric  dimethyl 
benzenes  (ortho,  meta  and  para  xylenes).  Their  boiling  points  are 
so  close  together  that  they  cannot  well  be  separated  by  distillation. 
Xylene  is  employed  as  a  solvent  of  the  paraffin  wax  used  for 
embedding  histological  specimens  to  be  cut  by  the  microtome. 
The  higher  homologues  of  benzene  are  of  little  importance. 

The  halogen  derivatives  of  benzene  differ  greatly  from 
those  of  fatty  hydrocarbons.  The  halogen  of  alkyl  halides, 
for  instance,  is  readily  removable  (“  reactive  ”).  An  alcoholic 
solution  of  ethyl  iodide,  mixed  with  an  aqueous  solution  of 
silver  nitrate,  gives  a  precipitate  of  silver  iodide;  on  warming 
with  sodium  hydroxide  alcohol  is  formed,  on  treatment  with 
sodium  ethoxide  ether  results.  Such  reactions  do  not  take 
place  with  iodobenzene ;  the  halogen  atom  remains  firmly 
attached  to  the  benzene  nucleus  and  can  only  be  “mobilised” 
in  special  circumstances. 

We  may  illustrate  this  contrast  further  by  reference  to  the 
chlorination  of  toluene.  Toluene,  C6H5 .  CHS,  may  be  considered 
to  be  made  up  of  two  univalent  radicles,  the  aliphatic  methyl 
group  and  the  aromatic  group  C6H5,  for  which  we  require  a 
name.  This  group  is  unfortunately  called  phenyl.  Unfortun¬ 
ately,  because  benzyl  would  have  been  a  more  reasonable  name 
for  benzene  minus  one  hydrogen  atom.  (Compare  methane  and 
methyl.)  The  cause  of  this  anomaly  is  a  historical  one.  An 
acid  from  gum  benzoin  was  called  benzoic  acid,  C6H5.  COOH  ; 
the  corresponding  alcohol  became  known  as  benzyl  alcohol, 
C6H5.CH2OH,  and  the  radicle  C6H5.CH2-  as  benzyl.  Hence 
the  latter  term  was  not  available  when  a  name  was  later  wanted 
for  the  group  C6H5-.  The  matter  could  have  been  put  right 
by  adopting  the  name  phene  (Laurent  1837)  for  the  hydrocarbon 
C6Hg,  but  tradition  was  too  powerful. 
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We  must  therefore  put  up  with  the  name  phenyl.  Toluene, 
then,  is  methyl  benzene ;  it  is  also  phenyl  methane ;  it  consists 
of  an  aromatic  portion,  phenyl,  and  the  aliphatic,  methyl. 
These  two  parts  behave  very  differently  to  chlorine.  If  the 
halogen  is  passed  into  boiling  toluene,  in  sunlight,  the  methyl 
group  is  attacked  in  much  the  same  way  as  the  methyl  group 
of  acetic  acid.  If,  however,  chlorine  is  passed  into  cold  toluene 
in  the  presence  of  a  suitable  catalytic  halogen  carrier  (iodine, 
or  iron),  the  phenyl  group  is  attacked. 

The  action  of  chlorine  on  toluene  might  therefore  lead  to 
the  following  four  monochloro-derivatives  : 
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The  three  substances  in  which  a  hydrogen  atom  of  the  aromatic 
nucleus  is  replaced  by  chlorine  are  called  chlorotoluenes :  that 
in  which  the  hydrogen  of  the  aliphatic  part  is  replaced  is  called 
benzyl  chloride,  by  contrast.  Because  of  the  attachment  of 
the  chlorine  to  the  nucleus,  the  chlorotoluenes  are  sharply 
distinguished  from  the  isomeric  benzyl  chloride.  Thus,  if 
benzyl  chloride  is  boiled  for  a  long  time  with  water,  hydrolysis 
occurs,  according  to  the  following  equation  : — 

C6H5.CH2C1  +  H,0  -  CgH5.CH2OH  +  HC1 

whilst  the  chlorotoluenes  are  quite  unaffected  by  this  treatment. 

Since  benzyl  chloride  can  readily  give  rise  to  other 
derivatives,  it  is  of  more  interest  to  us  than  the  chlorotoluenes. 
We  will  next  consider  these  transformation  products  of  benzyl 
chloride,  and  thereby  revise  some  points  concerning  aliphatic 
compounds. 


BENZYL  ALCOHOL,  BENZALDEHYDE, 

BENZOIC  ACID 

By  boiling  water,  or  preferably  by  a  solution  of  sodium 
carbonate, benzyl  chloride  (a  hydrochloric  acid  ester)  is  hydrolysed 
and  benzyl  alcohol  is  formed.  It  is  methyl  alcohol  (“methanol,” 
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see  p.  54)  in  which  one  hydrogen  atom  has  been  replaced  by 
phenyl  ;  it  might  therefore  be  called  phenylmethanol.  The 
additional  heavy  phenyl  group  raises  the  boiling  point  and 
diminishes  the  solubility  in  water  as  compared  with  methyl 
alcohol,  but  does  not  greatly  affect  the  chemical  properties. 
Thus,  as  we  saw  at  the  outset  in  the  case  of  ethyl  alcohol, 
sodium  liberates  hydrogen  and  in  this  case  forms  sodium 
benzoxide,  CGH5 .  CH2 .  ONa  ;  with  phosphorus  pentachloride 
chlorine  replaces  not  hydrogen,  but  hydroxyl,  and  benzyl 
chloride  is  reconstituted  : 

C6H5.CH2OH  +  PC15  -  CgH5.CH2C1  +  HC1  +  POCI3. 

Further,  benzyl  alcohol  is  a  primary  alcohol  and  furnishes  an 
aldehyde  and  an  acid. 

Benzaldehyde  was  discovered  long  ago  when  obtained  from 
bitter  almonds.  It  boils  at  1800  and  is  only  slightly  soluble 
in  water;  it  was  therefore  called  “oil”  of  bitter  almonds.  It 
can  be  prepared  by  oxidising  benzyl  alcohol,  but  more  con¬ 
veniently  by  boiling  benzyl  chloride  with  a  solution  of  copper 
nitrate,  when  hydrolysis  and  oxidation  go  on  simultaneously. 
The  copper  nitrate  is  converted  into  chloride  and  nitric  acid, 
and  the  latter  oxidises  the  alcohol,  being  itself  reduced  to 
nitrogen  trioxide.  Benzaldehyde  has  the  aromatic  odour 
characteristic  of  bitter  almonds  and  is  used  as  a  flavouring 
agent  (this  flavour,  like  many  others,  is  really  an  odour).  It 
is  of  course  not  made  from  bitter  almonds,  but  so  cheaply 
from  coal-tar,  that  cooks  are  apt  to  use  too  much  of  it. 

Chemically  benzaldehyde  behaves  like  acetaldehyde,  but 
only  to  a  certain  extent.  It  can  be  reduced  to  benzyl  alcohol; 
it  can  be  oxidised  to  benzoic  acid.  The  oxidation  takes  place 
spontaneously  in  air,  so  that  old  specimens  of  benzaldehyde  in 
partly  filled  bottles  may  come  to  consist  largely  of  crystalline 
benzoic  acid.  Nevertheless  benzaldehyde  does  not  reduce 
Fehling’s  solution.  Some  addition  reactions  take  place  in  the 
same  way  as  with  fatty  aldehydes  (with  hydrocyanic  acid  and 
sodium  bisulphite,  by  direct  addition  ;  with  hydroxylamine  and 
phenylhydrazine,  by  loss  of  water).  Other  reactions  of  fatty 
aldehydes  either  do  not  occur  (polymerisation  by  sulphuric 
acid  or  sodium  hydroxide),  or  take  place  in  very  different 
fashion.  Just  as  in  the  case  of  halogen  atoms,  the  properties 
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of  the  aldehyde  group  are  also  profoundly  modified  by  direct 
attachment  to  a  benzene  ring.  If  the  halogen  is  situated 
away  from  the  benzene  ring,  in  what  is  called  the  side  chain, 
it  behaves  like  that  in  aliphatic  compounds  (compare  benzyl 
chloride).  Similarly  if  the  aldehyde  group  is  in  the  side  chain 
(eg.  in  C6H5  .CH2.  CHO)  it  loses  its  aromatic  character. 

For  our  purpose  we  may  finally  notice  a  reaction  which 
in  vitro  is  peculiar  to  aromatic  aldehydes,  but  extends  in  vivo 
to  other  aldehydes,  and  is  thus  of  biological  interest.  When 
benzaldehyde  is  shaken  with  concentrated  potassium  hydroxide, 
it  is  not  resinified  like  acetaldehyde,  but  an  emulsion  is  formed, 
which  after  a  time  is  found  to  consist  of  benzyl  alcohol  and 
potassium  benzoate. 

2C6H5.CHO  +  KOH  =  C6H5.CH2OH  +  C6H5.COOK 

Half  the  aldehyde  is  reduced  to  the  alcohol,  the  other  half  is 
oxidised  to  the  corresponding  acid.  This  reaction,  discovered 
by  Cannizzaro,  can  in  certain  cases  be  brought  about  by 
enzymes,  instead  of  by  alkali.  Indeed,  the  formation  of  ethyl 
alcohol  from  sugar  by  yeast  depends  on  the  intermediate 
formation  of  acetaldehyde  which  is  reduced  by  a  kind  of 
Cannizzaro  reaction  (or  dismutation,  see  p.  128),  whilst  a 
simultaneous  oxidation  ultimately  results  in  carbon  dioxide. 
The  occurrence  in  nature  of  esters  composed  of  an  alcohol  and 
an  acid  of  the  same  number  of  carbon  atoms  probably  also 
depends  on  the  dismutation  of  an  aldehyde,  for  instance  in  the 
case  of  spermaceti  or  cetyl  palmitate  : 

2C15H31.CHO  =  C15H3lCO.OC16H33 

Benzoic  acid  is  slowly  formed  from  benzaldehyde  by  atmospheric 
oxygen  (so  called  autoxidation).  It  occurs  free  in  gum  benzoin, 
from  which  it  was  early  obtained  by  sublimation,  so  that  it  was 
one  of  the  first  organic  acids  to  become  known.  The  crystals 
melt  at  1210  and  distil  or  sublime  at  a  higher  temperature.  The 
acid  is  very  slightly  soluble  in  cold  water.  Ferric  chloride 
added  to  sodium  benzoate  solution  precipitates  a  buff-coloured 
ferric  salt.  Benzoic  acid  and  its  salts  are  used  in  medicine  and 
have  slight  antiseptic  properties ;  they  are  to  some  extent  used 
as  food  preservatives. 

Although  differing  in  physical  properties,  benzoic  acid 
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closely  resembles  acetic  acid  in  its  chemical  reactions.  Thus, 
when  sodium  benzoate  is  heated  with  soda  lime,  the  acid  is 
decarboxylated  : 

C6H5.COONa  +  NaOH  =  C6H6  +  Na2C03 

The  acid  is  readily  esterified  to  ethyl  benzoate;  phosphorus 
pentachloride  produces  benzoyl  chloride.  This  reacts  for 
instance  with  sodium  benzoate  to  form  benzoic  anhydride, 

C6H5.C0C1  +  NaOOC .C6H5  -  (C6H5.C0)20  +  NaCl 

and  with  ammonium  carbonate  to  form  benzamide, 

C6H5 .  COC1  +  (NH4)2C03  =  C6H5.C0.NH2  +  NH4C1  +  H20  +  C02 

Substances  foreign  to  the  body  are  often  removed  by  combination 
with  a  constituent  of  the  tissues.  We  have  already  seen  that 
certain  phenols  are  eliminated  by  combination  with  glycuronic 
acid  (p.  106).  Benzoic  acid,  which  is  also  a  foreign  substance,  is 
eliminated  in  the  urine  in  combination  with  glycine  and  appears  as 
benzoyl  glycine  or  hippuric  acid,  C6H5 .  CO  .  NH  .  CH2 .  COOH. 
It  occurs  in  some  quantity  in  the  urine  of  herbivores  (e.g.  horses, 
Gk.  hippos).  The  benzoic  acid  is  in  part  derived  from  purely 
vegetable  constituents  of  the  food,  but  is  also  formed  by 
intestinal  bacteria  from  a  more  general  source,  the  amino  acid 
phenylalanine  (p.  196)  occurring  in  proteins.  This  bacterial  action 
probably  accounts  for  the  absorption  of  benzoic  acid  by  man, 
for  small  quantities  of  hippuric  acid  also  occur  in  human  urine. 
In  order  to  get  rid  of  the  benzoic  acid,  the  unimportant  amino 
acid  glycine  is  sacrificed.  Hippuric  acid  can  be  made  artificially 
from  benzoyl  chloride  and  glycine, 

C6H5 .  COC1  +  H2N .  CH2 .  COOH - >  C6H5 .  CO .  NH .  CH2 .  COOH 

also  from  benzamide  and  chloracetic  acid  : 

C6H5 . CO .  NH2  +  C1CH2 . COOH  — >  C6H5 . CO .  NH . CH2 . COOH 

AROMATIC  KETONES 

It  will  be  sufficient  merely  to  mention  methyl  phenyl  ketone 
or  acetophenone  C6H5.CO.CH3,  and  diphenyl  ketone  or 
benzophenone,  C6H5 .  CO .  CGH5.  The  use  of  the  former  as  a 
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hypnotic  (hypnone)  is  now  almost  obsolete.  Like  the  aromatic 
acids,  these  ketones  do  not  differ  greatly  in  chemical  properties 
from  their  aliphatic  analogues.  Unlike  the  carboxyl  and  the 
keto  group,  halogen  atoms  and  aldehyde  groups  acquire 
modified  properties  when  attached  to  a  benzene  nucleus.  This 
difference  is  also  pronounced  in  the  case  of  the  hydroxyl  group, 
as  will  be  seen  in  the  next  section. 


THE  PHENOLS 


The  replacement  of  hydrogen  by  hydroxyl  in  an  aliphatic 
hydrocarbon  results  in  an  alcohol.  Thus  ethyl  alcohol  is 
hydroxyethane  or  ethyl  hydroxide.  Similarly  hydroxybenzene 
or  phenyl  hydroxide  is  an  alcohol,  but  of  a  kind  so  peculiar, 
that  when  mentioning  it  as  a  constituent  of  coal-tar,  we  called 
it  carbolic  acid ;  the  usual  scientific  name  is  phenol  and  a 
whole  group  of  related  compounds  are  called  phenols,  not 
alcohols. 

Formally  hydroxybenzene  is  an  alcohol,  not  indeed  primary, 
like  hydroxyethane,  but  tertiary. 
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Whether  we  adopt  Kekule’s  formula,  or  the  diagonal,  in  either 
case  the  carbon  atom  bearing  the  hydroxyl  is  attached  to 
carbon  atoms  by  three  other  valencies,  and  bears  no  hydrogen. 
Phenol  is  therefore  analogous  to  tertiary  butyl  alcohol,  and  like 
the  latter,  is  incapable  of  being  oxidised  to  an  aldehyde  or 
ketone.  Like  tertiary  butyl  alcohol,  it  is  only  moderately 
soluble  in  water;  if  to  a  mixture  of  phenol  and  water,  sodium 
hydroxide  is  added,  the  phenol  dissolves  to  a  clear  solution, 
but  the  butyl  alcohol  is  insoluble  in  the  alkali.  Phenol  there¬ 
fore  has  acidic  properties  not  possessed  by  aliphatic  alcohols ; 
hence  the  name  carbolic  “acid.” 


C6H5OH  +  NaOH  ^  CcH5 .  ONa  +  H20 

The  acidic  properties  are,  however,  very  feeble.  Phenol  has 
no  action  on  litmus ;  it  is  not  soluble  in  sodium  carbonate, 
nor  in  ammonium  hydroxide;  it  is  incapable  of  displacing 
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carbonic  acid  from  its  salts.  As  indicated  in  the  above  equa¬ 
tion,  its  sodium  derivative  undergoes  hydrolysis  and  is  only 
stable  in  alkaline  solution  containing  a  sufficient  concentration 
of  hydroxyl  ions.  Thus  phenol  is  precipitated  from  (a 
sufficiently  concentrated)  solution  in  sodium  hydroxide  by 
passing  in  carbon  dioxide.  Substances  containing  a  carboxyl 
group  are  as  a  rule  much  more  acidic ;  benzoic  acid  dissolves 
not  only  in  sodium  hydroxide,  but  also  in  solutions  of  sodium 
carbonate  and  ammonium  hydroxide.  If,  on  the  other  hand, 
we  define  an  acid  as  a  substance  having  a  hydrogen  atom 
replaceable  by  sodium,  benzyl  alcohol  would  appear  to  be 
some  sort  of  acid,  for  it  forms  sodium  benzoxide.  We  have 
in  fact  three  kinds  of  substances,  all  capable  of  furnishing 
sodium  derivatives :  alcohols,  phenols  and  carboxylic  acids. 
Sodium  benzoxide  is  at  once  hydrolysed  on  the  addition  of 
water : 

C6H5.CH2ONa  +  HOH  =  C6H5.CH2OH  +  NaOH 

Sodium  phenoxide  also  undergoes  hydrolysis  in  water,  but 
less  readily ;  there  is  a  balanced  action,  and  a  sufficient  con¬ 
centration  of  hydroxyl  ions,  such  as  is  provided  by  sodium 
hydroxide  (but  not  by  sodium  carbonate),  will  prevent  the 
hydrolysis.  Finally,  sodium  benzoate  is  hardly  hydrolysed  at 
all ;  benzoic  acid  is  much  stronger  than  carbonic  acid. 

We  see  then  that  the  phenols  are  sufficiently  distinct  from 
ordinary  alcohols  to  deserve  a  special  name.  Moreover,  their 
hydroxyl  group  is  not  attacked  by  phosphorus  pentachloride, 
as  is  that  of  the  aliphatic  alcohols,  like  ethyl,  and  of  the  true 
aromatic  alcohols,  like  benzyl  alcohol. 

As  was  pointed  out  above,  phenol  is  obtained  from  the 
carbolic  oil  in  the  distillation  of  coal-tar.  When  the  naphthalene 
has  crystallised  out  from  this  fraction,  the  remaining  oil  is 
treated  with  dilute  caustic  soda,  which  dissolves  the  phenol 
and  leaves  neutral  and  basic  substances  unaffected.  When  the 
aqueous  layer  is  concentrated  and  acidified  with  sulphuric  acid, 
crude  phenol  separates  as  an  oil,  which  on  cooling  partially 
crystallises. 

Although  phenol  is  thus  separated  directly  from  coal-tar, 
it  can  also  be  made  from  benzene.  Not  indeed  very  easily  by 
chlorinating,  and  replacing  the  chlorine  by  hydroxyl,  for 
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halogen  is  much  more  firmly  attached  to  a  benzene  ring  than 
to  an  alkyl  group.  The  stability  of  the  benzene  nucleus,  how¬ 
ever,  allows  of  the  application  of  peculiar  and  drastic  reactions. 
Fuming  sulphuric  acid  attacks  benzene  as  follows : 


CH 

HCV  /yCH 
CH 


CH 


+  HO.SOn.OH 


HC 

HC 


C.S02.0H  +  h2o 


CH 


CH 


Benzenesulphonic  acid  is  formed,  in  which  a  sulphur  atom  is 
directly  attached  to  a  carbon  atom.  This  acid  is  analogous 
to  ethanesulphonic  acid  (p.  100).  On  fusing  sodium  benzene- 
sulphonate  with  sodium  hydroxide,  the  carbon  and  sulphur 
atoms  are  however  separated,  with  the  formation  of  sodium 
phenoxide  and  sodium  sulphite. 

CcH6.S03Na  +  2NaOH  =  C6H5ONa  +  Na2S03  +  H20 

This  reaction  is  of  great  technical  importance. 

The  introduction  of  a  hydroxyl  group  into  benzene  raises 
the  boiling  point  ioo°,  and  also  increases  the  solubility  in  water. 
Pure  phenol  forms  colourless  crystals  (m.p.  430 ;  b.p.  183°) 
which,  on  exposure  to  light  in  the  presence  of  air,  become  pink. 
Since  the  melting  point  of  any  substance  is  depressed  by 
solution  in  it  of  another  substance  (compare  ice  and  salt),  the 
addition  of  a  little  water  to  solid  phenol  results  at  room 
temperature  in  a  clear  solution  of  water  in  phenol,  so  called 
liquefied  phenol,  which  for  certain  purposes  is  more  convenient 
than  the  crystals.  The  addition  of  more  water  causes  the 
formation  of  a  milky  emulsion,  which  separates  into  two  layers  ; 
the  upper  layer  is  a  watery  solution  containing  about  8  per 
cent,  of  phenol ;  the  lower  consists  of  phenol  which  holds 
37  per  cent,  of  water  in  solution.  On  adding  enough  water 
the  lower  layer  disappears.  Something  of  the  same  kind 
occurs  on  shaking  water  with  ether. 

The  crystals  of  phenol  dissolve  at  once  in  caustic  soda, 
forming  sodium  phenoxide,  C6H5ONa  (also  called  sodium 
phenolate  and  sodium  carbolate). 

Phenol  is  readily  recognised  by  its  characteristic  odour,  and 
by  the  following  tests  in  solution  :  ferric  chloride  produces  a 
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violet  coloration  and  bromine  water  a  white  precipitate  of 
tribromophenol. 

The  reaction  with  ferric  chloride  is  a  general  one,  not  only 
for  phenols,  but  also  for  other  similarly  constituted  hydroxy 
compounds.  We  have  already  encountered  it  in  the  case  of 
acetylacetic  acid,  which  is  an  equilibrium  mixture  of  two 
tautomeric  forms  (p.  91). 

CH3 .  CO .  CH2 .  COOH  ^  CH3 .  C(OH):  CH .  COOH 

The  second  of  these,  like  phenol,  is  a  tertiary  alcohol.  The 
coloration  in  such  cases  depends  on  the  formation  of  a  salt, 
which  is  decomposed  by  mineral  acids  ;  hence  the  ferric  chloride 
test  can  only  be  applied  in  neutral  solution. 

The  reaction  with  bromine  results  in  the  formation  of 
tribromophenol,  a  substance  of  much  higher  molecular  weight, 
and  insoluble  in  water. 

C6H5OH  +  3Br2  =  C6H2Br8OH  +  3HBr 

Whilst  substituents  such  as  bromine  do  not  readily  enter  an 
intact  benzene  ring,  the  presence  of  a  hydroxyl  group  greatly 
facilitates  further  substitution.  Compare  the  stability  of 
methane  and  of  methyl  alcohol  to  oxidising  agents. 

Phenol  and  its  homologues  are  much  used  as  disinfectants  ; 
carbolic  acid  was  indeed  largely  employed  by  Lister  when  he 
introduced  antiseptic  surgery,  but  later  its  use  became  restricted, 
for  it  has  a  corrosive  action  on  the  tissues  and  may  be  absorbed 
from  wounds  in  sufficient  quantity  to  produce  general  toxic 
symptoms.  Small  quantities  of  phenol  are  normally  formed 
by  bacterial  action  in  the  human  intestine  from  the  amino 
acid  tyrosine  (p.  198).  When  absorbed  into  the  body  they  are 
rendered  innocuous  (detoxicated)  by  esterification  with  sulphuric 
acid,  and  appear  in  the  urine  as  sodium  or  potassium  phenyl 
sulphate,  C6H50 .  S02 .  OK.  The  amount  of  this  so-called 
ethereal  sulphate  is  increased  in  intestinal  putrefaction  and  in 
phenol  poisoning.  Phenyl  sulphuric  acid  is  closely  analogous 
to  ethyl  sulphuric  acid ;  both  have  a  soluble  barium  salt ;  both 
are  readily  hydrolysed  by  boiling  with  dilute  hydrochloric  acid. 
Hence  ethereal  sulphates  in  urine  can  be  estimated  by  deter¬ 
mining  the  amount  of  inorganic  sulphate  before  and  after 
such  hydrolysis ;  the  ethereal  sulphate  is  represented  by  the 
difference  in  the  two  values. 


CRESOLS  AND  THYMOL 


1 8 1 


The  elimination  of  phenol  as  phenyl  sulphuric  acid 
corresponds  to  the  elimination  of  benzoic  acid  as  benzoyl 
glycine  (hippuric  acid).  Both  substances  occur  in  considerable 
amount  in  the  urine  of  herbivores  (p.  175). 

HOMOLOGUES  OF  PHENOL 

There  are  four  monohydroxy  derivatives  of  toluene;  one 
is  benzyl  alcohol,  the  others  are  methyl  phenols,  or  cresols. 


ch3 

ch3 
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\/0H 
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OH 

0-Cresol 

m-Cresol 

/-Cresol. 

The  cresols  all  have  a  lower  melting  point  than  phenol,  and 
the  crude  mixture  of  the  three,  obtained  from  coal-tar,  is  a 
liquid,  not  readily  separable  into  its  constituents.  “  Commercial 
carbolic  acid”  consists  chiefly  of  cresols,  with  a  little  phenol. 

The  antiseptic  action  of  the  cresols  is  greater  than  that  of 
phenol,  and  their  cheap  crude  mixture,  emulsified  with  soap, 
is  much  used  as  a  disinfectant  under  various  names  (e.g.  lysol). 
This  emulsion  of  about  equal  amounts  of  soap  and  cresols  can 
be  readily  diluted  with  water  to  the  required  strength. 
/-Cresol  occurs  in  the  urine  in  combination  with  sulphuric 
acid  ;  it  is  the  immediate  precursor  of  phenol  in  the  bacterial 
degradation  of  tyrosine,  jtself  a  /-hydroxy  compound  (p.  198). 

The  solubility  of  the  cresols  in  water  is  less  than  that 
of  phenol,  owing  to  the  additional  methyl  group ;  hence  the 
cresols  are  not  so  readily  absorbed  by  the  tissues  as  is  phenol. 
In  thymol  this  solubility  is  further  greatly  reduced  (to  1  :  1100 
at  room  temperature)  by  an  additional  isopropyl  group. 
Thymol  (from  oil  of  thyme)  is  3  :  methyl-6  :  isopropyl  phenol 
( =  2  :  isopropyl-5  :  methyl), 
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and  forms  crystals  m  p.  50°  of  peculiar  odour.  Its  medicinal 
use  as  an  antiseptic  depends  on  its  small  solubility  in 
water.  Thus  it  is  relatively  non-toxic  and  is  used  not  only 
externally,  but  is  given  orally,  in  attempts  to  limit  intestinal 
putrefaction.  It  is  further  used  in  laboratory  experiments 
with  enzymes,  in  order  to  prevent  bacterial  action.  Various 
synthetic  phenols  with  large  alkyl  groups  have  been  introduced 
into  medicine  {eg  amyl  m.  cresol,  i.e.  thymol,  with  an  amyl 
group  in  place  of  the  isopropyl  group ;  compare  also  hexyl 
resorcinol). 


POLYHYDRIC  PHENOLS 
There  are  of  course  three  dihydroxy  benzenes. 
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(Hydroquinone). 

The  additional  hydroxyl  raises  the  melting  point  as  compared 
with  phenol,  and  makes  all  three  readily  soluble  in  water. 
Ferric  chloride  colours  catechol  solutions  green,  even  very 
dilute  ones.  It  is  a  common  fragment  of  the  molecule  of 
tannins  (of  those  which  are  coloured  green  by  ferric  chloride) 
and  is  formed  by  heating  certain  vegetable  resins  (hence  the 
old  name  pyrocatechin ;  Gk.  pur,  fire).  In  alkaline  solution  it 
is  oxidised  by  atmospheric  oxygen  and  reduces  ammoniacal 
silver  and  Fehling’s  solution. 

Resorcinol  gives  a  violet  coloration  with  ferric  chloride  and 
is  used  in  some  skin  diseases.  Of  late  years  certain  resorcinol 
derivatives  with  a  long  alkyl  side  chain  have  been  introduced 
into  medicine  as  non-irritant  internal  antiseptics,  for  instance, 
hexyl  resorcinol. 

Quinol  gives  a  momentary  green  coloration  with  ferric 
chloride,  and  is  then  dehydrogenated  to  a  peculiar  yellow 
double  ketone,  quinone. 
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The  reaction  is  reversible  and  quinol  is  indeed  usually  prepared 
by  reducing  quinone  with  sulphurous  acid. 

C6H402  +  H20  +  H2S03  =  CgH4(OH)2  +  H2S04 


Hence  this  phenol  is  often  called  hydroquinone.  On  account 
of  its  reducing  properties  it  is  extensively  used  as  a  photo¬ 
graphic  developer.  The  reduction  takes  place  in  weakly 
alkaline  solution  and  extends  only  to  those  portions  of  the 
silver  halide  which  have  become  unstable  by  exposure  to  light. 
Before  development  they  constitute  an  invisible  image,  which 
is  rendered  visible  in  the  negative  by  conversion  into  metallic 
silver.  The  quinol  is  not  a  sufficiently  powerful  reducing  agent 
to  attack  those  parts  of  the  plate  on  which  light  has  not  acted. 
After  development,  the  unchanged  halide  of  the  negative  is 
dissolved  out  as  complex  ion  by  sodium  thiosulphate  (“hypo¬ 
sulphite”)  and  in  this  way  the  negative  becomes  stable  to  light, 
is  “  fixed.” 

Quinone  no  longer  contains  a  benzene  nucleus ;  it  is  diketo- 
dihydro-benzene,  with  only  two  double  bonds  in  the  ring;  it 
readily  adds  four  bromine  atoms,  and  forms  with  hydroxylamine 
a  dioxime. 


HON  :  C 


^CH-.CH 
XCH : CH 


C :  NOH 


Quinone  is  a  very  volatile  solid,  with  a  characteristic  odour  and 
a  yellow  colour.  A  dihydrobenzene  or  quinonoid  structure  is 
the  cause  of  colour  in  many  dyes,  alkaline  phenolphthalein,  etc. 
Pyrogallol,  1:2:3  -C6H3(OH)3,  is  the  best  known  of  the 
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three  trihydroxy  benzenes.  It  is  prepared  by  heating  gallic 
acid,  a  trihydroxy  carboxylic  acid  obtained  from  the  tannin  of 
oak  galls.  Carbon  dioxide  is  given  off  and  pyrogallol  sublimes. 

C8H2(OH)3COOH  =  C6H3(OH)3  +  co2 

Pyrogallol  gives  with  ferric  chloride  a  violet  coloration.  The 
three  hydroxyl  groups  make  this  substance  readily  soluble  in 
water;  in  alkaline  solution  it  is  extremely  unstable  to  free 
oxygen.  A  concentrated  solution  of  pyrogallol  in  sodium 
hydroxide  is  therefore  used  in  gas  analysis  as  a  reagent  for 
absorbing  oxygen  (like  phosphorus).  On  exposure  to  air  the 
pyrogallol  solution  at  once  becomes  brown.  Pyrogallol  is  also 
much  used  as  a  photographic  developer,  and  in  medicine,  to 
a  slight  extent,  against  parasites  of  the  skin.  It  is  easily 
absorbed  and  then  very  poisonous. 

Phloroglucinol,  1  :  3  :  5-CGH3(OH)3,  is  not  used  in  medicine, 
but  has  a  theoretical  interest  on  account  of  the  symmetrical 
distribution  of  the  three  hydroxyl  groups.  It  behaves  as  a 
trihydric  phenol,  yielding  a  triacetyl  derivative  and  giving  a 
colour  with  ferric  chloride,  but  it  also  behaves  as  a  triketone, 
yielding  a  trioxime.  It  may  be  represented  as  trihydroxy 
benzene,  but  also,  in  a  tautomeric  form,  as  triketo-cyclohexane 
(triketo-hexahydrobenzene)  (compare  the  two  forms  of  aceto- 
acetic  acid,  p.  91). 

Phloroglucinol  contains  hydrogen  and  oxygen  in  the 
proportion  of  water  and  its  occurrence  as  a  part  of  the 
molecule  of  many  vegetable  substances  suggests  a  biochemical 
origin  of  benzene  derivatives  from  hexoses. 

^6-^-12^6  ~  CgHgOg  +  3H2O 

By  reduction  one  or  more  hydroxyl  groups  might  then  be 
replaced  by  hydrogen.  The  formation  of  the  benzene 
derivatives  of  coal  -  tar,  from  acetylene,  at  a  very  high 
temperature,  gives  of  course  no  indication  of  the  method  by 
which  they  are  formed  in  plants. 

PHENOLIC  ETHERS 

The  hydrogen  atom  of  a  phenyl  group  may  be  replaced  by 
an  alkyl  or  by  a  second  phenyl  group.  Thus  when  sodium 
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phenoxide  is  treated  with  methyl  iodide,  methyl  phenyl  ether 
or  anisole  is  formed. 

C6H5ONa  +  ICH3  =  C6H5.O.CH3 

A  large  number  of  phenolic  ethers  occur  in  nature,  and  in  them 
the  alkyl  is  invariably  a  methyl  group,  probably  derived  from 
formaldehyde,  the  first  product  of  photosynthesis. 

Guaiacol,  <?-C6H4(OCH3)OH,  the  monomethyl  ether  of 
catechol,  occurs  in  beechwood  tar  and  is  also  manufactured 
synthetically.  Since  one  hydroxyl  group  is  not  etherified,  the 
substance  has  antiseptic  properties  and  gives  a  (green)  coloration 
with  ferric  chloride.  Beechwood  tar  was  one  of  the  earliest 
known  antiseptics  and  on  distillation  furnishes  creosote,  a  liquid 
having  a  smoky  odour  and  burning  taste,  and  consisting  largely 
of  guaiacol.  Creosote  was  at  one  time  much  used  in  the 
treatment  of  tuberculosis,  but  has  been  replaced  by  pure 
guaiacol.  The  latter  isdess  corrosive  and  less  poisonous  than 
phenol ;  given  internally  it  is  eliminated  ijh  the  urine  as 
ethereal  sulphate  (see  p.  180).  ) 
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Many  derivatives  of  guaiacol  have  been  used,  which  gradually 
liberate  guaiacol  in  the  intestine.  It  is  scarcely  conceivable 
that  a  concentration  of  guaiacol  is  attained  in  the  tissues 
sufficient  to  have  any  antiseptic  effect  on  the  tubercle  bacillus, 
but  perhaps  the  drug  acts  indirectly.  Several  analogues  of 
guaiacol  occur  in  nature,  for  instance  4 :  hydroxy-3  :  methoxy 
allylbenzene  or  eugenol  in  oil  of  cloves.  By  boiling  eugenol 
with  alcoholic  potash,  the  double  bond  is  shifted  and  the 
substance  is  isomerised  to  isoeugenol,  which  on  oxidation 
yields  vanillin,  the  fragrant  principle  of  vanilla. 
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An  example  of  a  synthetic  phenolic  ethyl  ether  h 
phenacetine  (p.  195). 

The  only  diphenyl  ether  found  in  animals  is 
the  thyroid  gland.  In  it  two  benzene  nuclei  are 
oxygen  atom  (p.  200). 


provided  by 

thyroxine  in 
joined  by  an 


PHENOLIC  ACIDS 


Salicylic  acid,  or  tf-hydroxybenzoic,  is  the  most  important 
representative  of  this  group. 

/^COOH 


It  occurs  as  the  methyl  ester  in  oil  of  wintergreen,  and  the 
corresponding  alcohol  is  combined  with  sugar  in  willow  bark. 
Its  extensive  use  in  medicine,  and  that  of  its  derivatives,  is 
due  to  its  ready  synthesis  from  phenol.  When  sodium 
phenoxide  is  heated  with  carbon  dioxide  under  pressure, 
sodium  salicylate  results : 


OH 

COONa 


Salicylic  acid  is  a  crystalline  solid,  slightly  soluble  in  cold 
water  (i  in  450),  much  more  in  hot  (1  in  13).  It  is  therefore 
easily  recrystallised.  On  heating  with  soda  lime  it  is  decar- 
boxylated,  and  phenol  is  given  off)  Salicylic  acid  shows  in 
solution  some  of  the  reactions  of  phenol  (precipitate  with 
bromine  water,  reddish  violet  coloration  with  ferric  chloride), 
but  it  is  odourless.  Free  salicylic  acid  is  almost  as  strongly 
bactericidal  as  phenol  and  is  sometimes  used  as  a  preservative 
in  food ;  but  its  use  for  this  purpose  is  forbidden  or  greatly 
restricted  in  most  countries  on  account  of  its  poisonous 
properties. 

Sodium  salicylate  on  the  other  hand  is  hardly  corrosive, 
and  hardly  antiseptic ;  it  is  extensively  used  in  rheumatic 
fever.  The  origin  of  its  therapeutic  application  is  interesting. 
The  bitter  taste  of  willow  bark  led  to  the  use  of  decoctions 
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in  certain  febrile  diseases  instead  of  cinchona  bark  (the  source 
of  quinine),  and  then  to  the  isolation  from  willow  bark  of  the 
bitter  glucoside  salicin  (L.  salix ,  willow).  Whilst  it  was  later 
recognised  that  salicin  lacks  the  specific  effect  of  quinine  on 
malaria,  it  was  found  instead  to  have  a  favourable  effect  on 
rheumatic  fever.  Salicin  was  shown  to  be  a  glucoside 
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of  salicyl  (tf-hydroxybenzyl)  alcohol,  which  led  to  the  employ¬ 
ment  of  salicylic  acid,  especially  after  the  latter  was  manu¬ 
factured  synthetically  from  coal-tar.  At  first  the  free  acid 
was  used,  but  on  account  of  its  poisonous  properties,  it  was 
replaced  by  the  sodium  salt  and  other  derivatives.  Since  the 
acid  gastric  juice  to  some  extent  already  liberates  salicylic 
acid  in  the  stomach,  esters  have  been  introduced  which  are 
only  slowly  hydrolysed  to  sodium  salicylate  in  the  intestine, 
after  the  manner  of  the  esters  of  glycerol  (the  fats).  One  of 
these  esters  is  phenyl  salicylate  or  salol.  When  salicylic  acid 
is  heated,  it  is  partially  decomposed  into  carbon  dioxide  and 
phenol,  and  the  latter  then  reacts  with  unchanged  acid  to  form 
a  phenyl  ester. 


2C6H4< 


,OH 

COOH 


c6h4< 


OH 


COOC6H5  +  co2  +  h2o 


Since,  however,  the  hydrolysis  of  salol  in  the  intestine  also 
results  in  phenol  (an  undesirable  product),  yet  another  type  of 
derivative  was  introduced,  in  which  the  carboxyl  of  salicylic 
acid  is  free,  and  the  phenolic  group  is  esterified  with  acetic 
acid.  This  is  acetyl  salicylic  acid  or  aspirin 


OOC.CH, 

COOH 


which  is  no  longer  a  phenol  and  is  not  coloured  by  ferric  chloride. 
The  extensive  use  of  aspirin  by  the  general  public  is,  however, 
due  to  its  power  of  allaying  pain,  a  property  which  was  not 
aimed  at,  when  it  was  first  introduced. 
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Liquid  esters  of  salicylic  acid,  such  as  the  methyl  ester,  the 
chief  constituent  of  oil  of  wintergreen,  are  used  for  rubbing 
into  the  skin. 

The  properties  of  the  above  substances  are  summarised  in 
a  table,  in  which  +  denotes  either  ready  solubility  or  a  colour 
reaction  with  ferric  chloride. 


Colour 

reaction. 

H20. 

Solubility  in 

NaOH. 

Na2C03. 

Salicylic  acid 

+' 

+ 

+ 

Sodium  salicylate 

+ 

+ 

+ 

+ 

Methyl  salicylate  . 

A 

— 

+ 

- 

Phenyl  salicylate  . 

+ 

— 

+ 

— 

Acetylsalicylic  acid 

— 

+ 

+ 

This  table  illustrates  that  carboxylic  acids  dissolve  in  any 
alkali,  but  phenols  only  in  sodium  hydroxide,  and  that  a  free 
phenolic  group  is  necessary  for  the  reaction  with  ferric  chloride. 
Gallic  acid,  a  trihydroxybenzoic  acid,  has  already  been  referred 
to  as  a  source  of  pyrogallol.  It  is  formed  from  tannin  by 
boiling  with  acidulated  water.  Basic  bismuth  gallate  is  used 
as  an  astringent  and  antiseptic  dusting  powder  under  the  name 
of  dermatol  (OH)3C6H2.  COOBi(OH)2. 

The  tannins  are  glucosides  of  high  molecular  weight,  in 
which  one  glucose  residue  is  combined  with  many  residues  of 
gallic  acid,  or  other  more  complicated  residues  of  the  same  type. 
A  synthetic  analogue  is  provided  by  pentagalloyl  glucose  in 
which  the  hydroxyl  groups  of  glucose  are  all  esterified  with  a 
carboxyl  of  gallic  acid. 

CgH706[C0  .  CgH2(OH)3]5  =  C41H3202(*(MWt  =  940) 

Since  gallic  acid  contains  phenolic  groups  as  well  as  a  carboxyl, 
it  can  combine  with  itself  to  form  esters,  such  as  galloylgallic 
acid  or  digallic  acid,1 


OH  OH 


COOH 


1  Note  the  contrast  to  acetylacetic  or  “diacetic”  acid,  which  is  not 
an  ester. 
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and  the  condensation  of  many  such  residues  with  a  glucose 
molecule  leads  to  even  greater  complexity.  On  account  of  their 
high  molecular  weight,  the  tannins  are  essentially  colloidal;  it 
is  on  this  property  that  their  medical  application  depends. 

The  tannins  (sometimes  called  tannic  acid)  belong  to  the 
group  of  astringents,  which  comprises  also  certain  metallic 
compounds  (alum,  ferric  chloride,  bismuth  subnitrate,  silver 
nitrate,  chromium  salts,  etc.).  Astringents  are  characterised  by 
a  taste  which  “  draws  together  ”  (L.  ad ,  to,  and  stringere ,  bind), 
and  they  are  used  to  diminish  the  secretion  of  mucous  mem¬ 
branes.  Their  action  is  essentially  colloidal,  in  forming  with 
the  proteins  of  serous  discharges  and  of  the  most  superficial 
cells  an  insoluble  addition  compound,  which  acts  as  a  leathery, 
protective  and  less  permeable  layer.  In  addition  the  antiseptic 
action  of  the  phenolic  groups  of  tannin  may  be  advantageous. 
By  shrivelling  the  walls  of  the  outermost  capillaries,  astringents 
locally  diminish  hyperaemia  and  inflammation.  The  use  of  a 
number  of  vegetable  drugs  in  diarrhoea  is  based  on  their  tannin 
content,  and  is  from  the  point  of  view  of  colloid  chemistry 
analogous  to  that  of  bismuth  subnitrate  for  the  same  purpose. 
The  modern  very  successful  use  of  tannic  acid  on  extensive 
burns  depends  on  the  conversion  of  the  proteins  of  dead  tissue 
into  insoluble  compounds,  thus  preventing  the  formation  of 
soluble  toxic  decomposition  products,  which  formerly  so  often 
proved  fatal  to  the  patient.  The  dead  tissues  are  tanned  and 
there  is  no  essential  difference  between  the  medicinal  use  of 
astringents  and  their  employment  in  the  preparation  of  hides. 
The  production  of  leather  consists  in  the  conversion  of  the 
gelatin  and  fibres  of  the  skin  into  stable  insoluble  “compounds  ” 
which  no  longer  undergo  putrefaction  and  preserve  the  pliable 
nature  of  the  material.  These  complexes  usually  result  from 
two  oppositely  charged  colloids,  the  tannin  in  solution,  and 
the  protein  of  the  hide,  which  adsorbs  it  as  charcoal  adsorbs 
colouring  matters ;  a  similar  union  takes  place  when  hides  are 
dressed  with  alum,  chromium  salts,  etc.  Tannins  occur  in  very 
many  plants  (although  not  so  widely  as  some  botanists  imagine 
who  merely  test  with  ferric  chloride).  They  are  found  in  barks 
(oak  bark  often  15  per  cent.),  in  leaves  (tea,  15  per  cent.),  in 
many  fruits  (in  grape  skins,  red  wines,  bilberries).  Oak  galls 
may  contain  50  per  cent.  The  use  of  milk  in  tea  aims  at  the 


ASTRINGENTS 


191 

precipitation  of  the  tannin  by  the  protein  of  milk  as  an  insoluble 
tasteless  compound.  If  not  so  precipitated,  the  tannin  may 
unite  with  the  mucous  membrane  of  the  stomach.  When  it  is 
desired  to  make  tannins  pass  through  the  stomach  and  act 
on  the  intestine,  they  are  often  administered  in  an  insoluble 
form  which  is  only  decomposed  in  the  intestine.  Such  tannin 
preparations  may  for  instance  consist  of  a  complex  with  protein 
(tannalbin),  heated  to  make  it  resistant  to  pepsin,  or  of  an 
acetyl  derivative  which  like  acetylsalicylic  acid  is  not  decom¬ 
posed  until  it  enters  the  intestine. 

Tannin  not  only  combines  with  proteins,  but  also  with  other 
substances  of  high  molecular  weight,  eg.  alkaloids.  Hence  it 
is  used  as  a  reagent  for  these,  and  as  an  antidote  in  cases  of 
alkaloidal  poisoning  (p.  223). 

Gallic  acid,  a  simple  crystalline  substance,  has  no  astringent 
properties,  but  shares  with  tannin  the  reaction  with  ferric 
chloride.  The  blue-black  coloration  is  used  in  inks.  Originally 
tannin  and  a  ferric  salt  alone  were  employed,  but  in  modern 
inks  the  colour  in  the  liquid  state  is  due  to  an  aniline  dye. 
Tannin  and  a  ferrous  salt  are  also  present,  and  when  the  ink 
dries  the  ferrous  salt  is  oxidised,  and  then  produces  a  permanent 
black  stain  with  the  tannin. 


AROMATIC  NITRO  COMPOUNDS 

We  have  seen  that  the  benzene  nucleus  is  a  complex  of 
six  carbon  atoms  which  hold  together  even  when  exposed  to 
powerful  reagents.  Thus  fuming  sulphuric  acid  merely  replaces 
a  hydrogen  atom  by  the  group  S03H  and  a  sulphonic  acid  is 
produced  (p.  179).  The  action  of  fuming  nitric  acid  is  similar. 
Whilst  the  aliphatic  hydrocarbons  are  hardly  attacked  by 
nitric  acid,  and  other  aliphatic  compounds  are  often  destroyed, 
aromatic  compounds  quite  generally  yield  so  -  called  nitro 
compounds,  in  which  the  group  -N02  replaces  a  hydrogen 
atom  attached  to  the  benzene  ring.  In  the  case  of  benzene 
itself,  with  an  unbroken  front  of  hydrogen  atoms,  a  mixture 
of  concentrated  nitric  and  sulphuric  acids  is  required,  the  latter 
in  order  to  remove  the  water  formed  in  the  reaction. 
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HC 

HC 


CH 


CH 

CH 


CH 


+  H0N02 


CH 


HC 

HC 


CH 


+  h2o 


The  reagent  is  similar  to  that  employed  in  the  production  of 
glyceryl  trinitrate,  but  the  constitution  of  the  resulting  com¬ 
pounds  is  very  different.  Whilst  so-called  “ nitroglycerine ”  is 
really  an  ester,  and  is  readily  hydrolysed  by  sodium  hydroxide, 
nitrobenzene  is  resistant  to  hydrolysis  and  is  a  true  nitro 
compound,  in  which  the  nitrogen  is  directly  united  to  a  carbon 
atom.  (Phenyl  nitrite,  C6H5 .  O  .  N  :  O,  is  isomeric  with  nitro¬ 
benzene  and  readily  hydrolysed.)  Nitro  compounds  are  not 
entirely  limited  to  the  aromatic  series,  but  are  very  characteristic 
of  it.  They  do  not  occur  in  nature,  but  are  of  great  industrial 
importance  because  they  can  be  reduced  to  amines.  Thus 
nitrobenzene  yields  aniline. 

CgH5.N02  +  6H  =  C6H5.NH2  +  2H20 


Nitrobenzene  is  a  pale  yellow  liquid  of  high  boiling  point 
(209°).  Its  odour  somewhat  resembles  that  of  benzaldehyde. 
When  the  benzene  ring  already  contains  other  substituents, 
nitration  takes  place  more  easily  than  with  benzene.  (Similarly 
ethyl  alcohol  is  less  stable  than  ethane.)  Thus  phenol  gives 
even  with  dilute  nitric  acid  in  the  cold  a  mixture  of  ortho-  and 
para-  nitrophenols. 


OH  OH 


no2 


Nitration  confers  no  acidic  properties  on  benzene,  but  the 
introduction  of  a  nitro  group  into  phenol  so  enhances  acidity 
already  present,  that  the  nitrophenols  are  stronger  acids  than 
carbonic.  Hence,  unlike  ordinary  phenols,  they  are  soluble  in 
sodium  carbonate.  Since  its  salts  are  intensely  yellow  and 
/-nitrophenol  itself  is  colourless,  it  can  be  used  as  indicator  in 
acidimetry  instead  of  methyl  orange.  Concentrated  nitric  acid, 
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acting  on  phenol,  substitutes  both  ortho  positions  as  well  as 
the  para  position,  producing  2:4:6  trinitrophenol  or  picric 
acid. 


OH 


OoN 


xNO„ 


NO., 


In  this  substance  the  acidic  properties  are  so  marked  (it  is 
almost  as  strong  as  hydrochloric)  that  it  is  still  called  an 
“acid”  by  chemists,  although  it  contains  no  carboxyl  group. 
The  British  Pharmacopoeia  of  1932  has  trinitrophenol  instead  of 
picric  acid,  and  phenol  instead  of  carbolic. 

Picric  acid  has  a  pale  yellow  colour  and  a  bitter  taste 
(Gk.  pikros ,  bitter).  It  is  soluble  in  water  to  a  deep  yellow 
solution  and  forms  soluble  salts  with  the  alkali  metals,  and 
insoluble  ones  with  more  complex  basic  substances  (alkaloids, 
proteins,  etc.).  Hence  picric  acid  is  used  for  the  precipitation 
of  proteins  in  blood  for  analytical  purposes,  and  in  the  hardening 
of  tissues  in  histology.  It  readily  stains  nitrogenous  fibres 
such  as  silk  and  wool.  The  yellow  stains  produced  on  the 
skin  by  concentrated  nitric  acid  are  due  to  the  nitration  of 
an  aromatic  nucleus  in  the  skin  protein. 

Although,  unlike  nitroglycerin,  picric  acid  is  not  an  ester, 
it  and  certain  picrates  are  sufficiently  similar  to  be  powerful 
explosives  (lyddite).  There  is  just  about  enough  oxygen  in 
the  molecule  to  convert  the  carbon  into  carbon  monoxide  and 
the  hydrogen  into  steam.  Similarly  trinitrotoluene  or  T.N.T. 
has  been  used  on  a  very  extensive  scale  in  high  explosive 
shells.  The  formula  corresponds  to  that  of  picric  acid,  with 
a  methyl  group  in  place  of  the  hydroxyl.  Since  there  is  so 
much  carbon  in  the  molecule,  ammonium  nitrate  is  added; 
this  separate  source  of  oxygen  recalls  the  potassium  nitrate 
of  ordinary  gunpowder. 


AROMATIC  AMINES  AND  AMIDES 

The  simplest  aromatic  amine  is  aminobenzene  or  phenyl- 
amine,  C6H5NH2,  usually  called  aniline.  It  cannot  be  prepared 
like  methylamine  from  a  halogen  compound  and  ammonia, 

N 


194 


ORGANIC  CHEMISTRY 


since  the  halogen  attached  to  a  benzene  ring  is  not  sufficiently 
reactive  (p.  172).  It  is  made  from  benzene  by  a  process 
peculiar  to  aromatic  compounds ;  the  benzene  is  nitrated,  and 
the  nitrobenzene  is  reduced  by  iron  and  hydrochloric  acid  : 

C6H5.N02  +  6H  =  C6H5.NH2  +  2H20 

the  aniline  is  set  free  by  lime  from  its  salt  and  is  distilled 
with  steam.  Aniline  is  a  colourless  liquid  and  boils  at  184°. 
On  exposure  to  air  it  soon  becomes  yellow  or  red.  It  is  only 
slightly  soluble  in  water  and  is  a  much  feebler  base  than 
ammonia.  There  are  of  course  three  amino  toluenes  or 
toluidines  and  three  diamino  benzenes  or  phenylenediamines. 
Some  of  these,  as  well  as  aniline,  are  largely  used  in  the 
production  of  dyes.1 

Aniline  is  a  powerful  poison,  but  when  an  acetyl  group  is 
introduced  into  the  amino  group,  an  amide  results  which  lowers 
the  body  temperature  in  fever.  This  substance,  acetanilide, 
C6H5 .  N  H — CO  .  CH3,  may  be  regarded  both  as  phenylacetamide 
and  as  acetylaniline  and  was  used  in  medicine  as  antifebrine ; 
its  action  was  discovered  through  a  mistake  in  dispensing. 
The  crystalline  solid  is  slightly  soluble  in  cold  water,  and  is 
prepared  by  prolonged  boiling  of  aniline  with  glacial  acetic 
acid.  The  aniline  acetate  first  formed  loses  water  (compare 
the  preparation  of  acetamide  by  heating  ammonium  acetate) 

CH3.COOH  +  NH2.C6H5  =  CH3.COONH3.C6H5 
CH3.COONH3.C6H5  =  CH3.CO.NH.C6H5  +  h2o 

Large  doses  of  acetanilide  produce  aniline  poisoning,  which 
shows  itself  by  a  blue  colour  (cyanosis)  of  the  face  and  hands. 
These  symptoms  result  less  readily  from  phenacetine,  or 

1  This  application  largely  depends  on  the  peculiar  behaviour  of 
aromatic  primary  amines  to  nitrous  acid.  Unlike  their  aliphatic  analogues 
they  do  not  lose  nitrogen  in  the  cold,  but  form  unstable  diazo  compounds , 
eg.  C6H5.  N  :  NCI,  which  have  the  power  of  “coupling”  with  phenols  and 
amines  in  alkaline  solution  to  form  highly  coloured  compounds.  In  them 
the  diazo  group  is  directly  attached  to  a  second  benzene  nucleus  ;  since  it 
is  now  between  two  such  nuclei,  having  only  one  nitrogen  apiece,  the 
coloured  products  are  not  called  diazo,  but  azo  compounds,  e.g.  p- hydroxy- 
azobenzene,  from  phenol  and  benzene  diazonium  hydroxide. 
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/-ethoxy-acetanilide,  which  is  more  frequently  used  to  reduce 


temperature  and  soothe  pain, 
phenol  (/-hydroxy  aniline), 

OH 


\ 

\ 


^-Aminophenol 


It  is  a.  derivative  of  /-amino- 


\/ 

nh.co.ch3 

Phenacetine. 


in  which  the  hydroxyl  group  has  been  made  into  an  ethyl 
ether  and  the  amino  group  has  been  acetylated. 

Saccharin  is  yet  another  example  of  a  drug  prepared  from 
coal-tar.  By  sulphonating  toluene  two  sulphonic  acids  are 
produced,  the  ortho  and  the  para  derivative.  The  ortho 
derivative  is  successively  converted  into  the  corresponding 
acid  chloride  and  amide : 


CH3 

S03H 


-> 


CHS 

SO,.NH. 


x/ 


The  methyl  group  of  the  6>-toluenesulphonamide  is  then  oxidised 
to  a  carboxyl  group  and  the  acid  so  obtained  loses  water, 
producing  saccharin  : 


> 


x  ^COOH 
S02.NH2 


Saccharin. 


Saccharin  is  therefore  derived  from  a  mixed  carboxylic  and 
sulphonic  acid,  the  two  hydroxyls  of  which  are  simultaneously 
replaced  by  the  bivalent  group  =  NH,  the  so-called  imino 
group.  Saccharin  is  an  imide.  The  simplest  imide  is 
succinimide, 

CH2.CO 
|  '  >NH 

CHj.CO/ 

Saccharin  is  about  five  hundred  times  as  sweet  as  cane  sugar. 
In  some  countries  it  is  used  in  mineral  waters,  etc.,  but  in 
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Britain  it  is  heavily  taxed  and  only  used  medicinally  as  a 
sugar  substitute  in  diabetes. 

It  will  be  noted  that /-toluenesulphonamide  is  a  by-product 
in  the  manufacture  of  saccharin.  It  is  put  to  account  in 
another  way,  furnishing  “  chloramine-T,”  a  water  soluble 
crystalline  substance  having  the  chemical  reactions  and  anti¬ 
septic  properties  of  sodium  hypochlorite  and  is  used  for  dis¬ 
infecting  wounds.  In  it  chlorine  is  attached  to  nitrogen;  the 
action  of  the  substance  may  be  represented  diagrammatically 
as  follows  : 


CH3 

/\ 

+  H20  = 


SO(ONa) :  NCI 


+  NaOCl 


S02.NH2 


AROMATIC  AMINO  ACIDS,  ADRENALINE, 

THYROXINE 

So  far  we  have  not  mentioned  aromatic  compounds  as 
essential  constituents  of  the  body  and  the  food.  A  few  benzene 
compounds  are,  however,  of  the  greatest  physiological  import¬ 
ance  ;  they  comprise  three  amino  acids  of  protein  and  a  few 
substances  derived  from  them. 

Phenylalanine,  /3-phenyl-a-aminopropionic  acid,  occurs  in 
many  proteins. 

_  nh2 

/  VCHL.CH.COOH 


It  should  be  noted  that  the  phenyl  group  is  attached  to  carbon 
and  not  to  the  nitrogen  of  alanine,  as  the  glycyl  group  is  in  the 
dipeptide  glycylalanine  (p.  143). 

NH.CO.CH2.NH2 

CH3.CH.COOH 

The  peptide  glycylalanine  is  hydrolysed  by  acids  and  enzymes  ; 
the  amino  acid  phenylalanine  is  an  end  product  in  the 
hydrolysis  of  proteins.  (Strictly  the  peptide  should  be  called 

^-glycylalanine.) 
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Tyrosine  is  /-hydroxyphenylalanine. 

NH2 

/ - \  • 

ho"  y.CHj.CH.COOH 

Unlike  other  amino  acids,  it  is  very  little  soluble  in  cold  water, 
and  was  therefore  one  of  the  first  members  of  this  group  to  be 
isolated,  by  fusion  of  cheese  (Gk.  turos)  with  caustic  potash. 
Like  other  amino  acids  it  has  both  basic  and  acidic  properties, 
so  that  it  dissolves  both  in  dilute  acids  and  in  alkalies;  the 
phenolic  group  so  far  increases  its  acidic  properties,  that  it 
dissolves  even  in  ammonia,  from  which  it  is  most  conveniently 
crystallised,  in  feathery  needles.  On  boiling  tyrosine  with  a 
solution  of  mercuric  nitrate  containing  nitrous  acid  (Millon’s 
reagent)  a  brick  red  colour  or  precipitate  is  produced.  This 
reaction  depends  on  the  phenolic  group  and  is  also  given  by 
other  phenols.  Since  tyrosine  is  the  only  phenol  in  proteins 
and  is  almost  always  present,  Millon’s  reagent  can  be  used  in 
testing  for  them. 

Like  other  phenols,  tyrosine  couples  with  diazo  compounds, 
and  gives  with  sodium  /-diazobenzene  sulphonate  a  red 
coloration,  similar  to  that  of  histidine  (p.  21 3).1  These  are 
the  only  two  natural  amino  acids  which  give  this  reaction. 
Both  tyrosine  and  phenylalanine  are  acted  on  by  concentrated 
nitric  acid  with  the  formation  of  yellow  nitro  compounds  which 
become  orange  on  the  addition  of  ammonia.  Tyrosine  being 
a  phenol  is  already  acted  on  in  the  cold.  This  behaviour  is 
utilised  in  the  xanthoproteic  reaction  as  a  test  for  protein 
(Gk.  xantJiosy  yellow).  The  discoloration  of  the  skin  by 
concentrated  nitric  acid  shows  that  its  cells  contain  an 
aromatic  nucleus.  A  third  amino  acid  (tryptophane)  contains 


1  See  footnote  on  p.  194. 


The  reagent  is  HON  :  N  • 


SOsNa,  in 


sodium  carbonate  solution.  Since  in  tyrosine  the  position  para  to  the 
phenolic  group  is  already  occupied  by  the  side  chain,  the  diazonium  group 
becomes  attached  in  one  of  the  ortho  positions. 


NaS03 . 


HO 


.CH2.CH(NH2)COOH 
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a  benzene  nucleus  fused  to  a  heterocyclic  ring  and  is  therefore 
discussed  later  (p.  209). 

We  have  seen  that  most  benzene  compounds  are  foreign  to 
the  body  ;  the  organism  is  as  a  rule  incapable  of  destroying 
the  benzene  nucleus,  and  resorts  to  special  means  for  eliminating 
it  in  a  soluble,  harmless  form.  Thus  benzoic  acid  appears  in 
the  urine  combined  with  glycine  as  hippuric  acid;  phenol  is 
excreted  as  a  salt  of  phenyl  sulphuric  acid ;  other  phenols 
again,  like  thymol,  are  coupled  with  glycuronic  acid.  Phenyl¬ 
alanine  and  tyrosine  are,  however,  units  in  the  proteins  of  the 
tissues  and  of  food,  and  they  are  readily  burnt  to  carbon 
dioxide  and  water.1  It  is  therefore  a  remarkable  fact  that  in 
the  particular  case  when  a  benzene  nucleus  bears  an  alanine 
side  chain,  it  becomes  susceptible  to  attack.  The  mechanism 
of  the  combustion  of  these  amino  acids  is  not  known,  but  we 
do  know  something  about  the  way  in  which  they  are  broken 
down  by  putrefactive  bacteria  in  the  intestine.  In  the  case  of 
tyrosine  the  amino  group  may  be  eliminated  and  the  side  chain 
shortened  to  /-hydroxyphenylacetic  acid,  which  by  loss  of 
carbon  dioxide  yields  /-cresol,  and  by  complete  loss  of  the 


side  chain  phenol. 

HO 

HO 

HO 

HO 
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/\ 

/\ 

/\ 
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COOH 
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After  absorption  from  the  intestine  cresol  and  phenol  appear  in 
the  urine  in  combination  with  sulphuric  acid. 

Gelatine  contains  very  little  or  no  aromatic  amino  acids, 


1  In  the  rare  metabolic  disease  alkaptonuria  the  benzene  nucleus  of 
tyrosine  and  phenylalanine  is  not  destroyed,  and  appears  in  the  urine  as 
honioge?itisic  acid  (alkapton) 


OH 


CH2.  COOH 


OH 


a  derivative  of  quinol,  which  on  exposure  to  air  soon  becomes  black. 
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and  it  has  been  shown  that  it  does  not  satisfy  our  protein 
requirements.  We  cannot  build  up  the  benzene  nucleus  from 
aliphatic  compounds  and  must  therefore  have  it  in  our  food. 
The  need  for  benzene  compounds  may  be  illustrated  by 
referring  to  two  substances  of  great  physiological  importance, 
both  evidently  derived  from  tyrosine. 

The  adrenal  or  suprarenal  gland  constantly  secretes  into 
the  blood  stream  small  quantities  of  the  powerfully  active 
adrenaline  (epinephrine)  which  has  the  following  constitution  : 


HO 


H 

O 


.C.CH2.NH.CH3 

H 


Adrenaline  is  therefore  at  once  a  secondary  amine,  a  secondary 
alcohol  and  a  catechol  derivative.  If  tyrosine  is  decarboxylated 
we  obtain  /-hydroxyphenylethylamine  or  tyr amine , 

Ho(  )CH2.CH2.NH2 


which  like  adrenaline  raises  the  blood  pressure  (but  is  much 
less  active).  We  can  imagine  this  substance  transformed  into 
adrenaline  by  the  introduction  of  an  W-methyl  and  two  more 
hydroxyl  groups.  Adrenaline  is  used  in  minor  surgery  to  stop 
bleeding  by  vasoconstriction.  Since  the  base  is  hardly  soluble 
in  water,  it  is  used  in  the  form  of  the  hydrochloride.  The 
catechol  nucleus  can  be  demonstrated  by  a  green  coloration 
with  ferric  chloride  and  makes  the  substance  readily  oxidisable, 
particularly  in  neutral  or  alkaline  solution ;  hence  adrenaline 
solutions  lose  their  activity  on  keeping,  especially  on  exposure 
to  the  air.  The  alcoholic  hydroxyl  is  attached  to  an 
asymmetric  carbon  atom,  so  that  two  stereoisomerides  exist. 
Only  one  of  these  occurs  in  the  adrenal  gland  (/-adrenaline), 
the  other  is  obtained  by  resolving  the  synthetic  racemic  base. 
When  the  latter  was  first  manufactured,  it  was  found  to  have 
little  more  than  half  the  activity  of  the  natural  product  The 
explanation  of  this  depends  on  the  fact  that  ^-adrenaline  has 
only  one  fifteenth  of  the  activity  of  its  mirror  image,  so  that  in 
the  racemic  mixture  /-adrenaline  is  diluted  by  an  equal  weight 
of  a  substance  which  has  no  significant  activity.  The  manu¬ 
facturers,  however,  undertook  the  separation  of  the  two  optical 
isomers,  and  were  then  able  to  supply  a  synthetic  substance 
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identical  with  the  natural  in  chemical  and  in  physiological 
properties.  This  difference  in  the  physiological  action  of  stereo¬ 
isomers  is  quite  general.  In  some  amino  acids  one  form  has  a 
sweetish  taste,  the  other  not.  We  must  imagine  that  the  nerve 
endings  on  which  the  substance  acts  have  also  a  lop-sided 
structure  and  that  /-adrenaline,  for  instance,  fits  these  structures 
more  closely  than  does  ^-adrenaline.  The  case  is  somewhat 
analogous  to  the  action  of  enzymes ;  we  have  seen  that 
a-glucosides  are  hydrolysed  by  maltase  and  /3-glucosides  by 
emulsin  (p.  132),  and  that  this  indicates  a  spatial  difference 
between  these  two  enzymes. 

Ephedrine  is  a  simple  vegetable  alkaloid,  related  to  tyramine 
and  adrenaline. 

—  O  CH3 
/  Vc— C-NH-CHj 
X — /  H  H 

It  occurs  in  a  shrub  ( Ephedra  vulgaris)  which  has  been  used  in 
Chinese  medicine  since  very  remote  times.  More  than  eight 
hundred  years  ago  it  was  already  regarded  as  regulating  blood 
pressure.  After  the  alkaloid  had  been  isolated  in  modern 
times,  it  did  not  receive  much  attention  from  Western  clinicians 
until  about  1925,  when  its  chemical  relationship  to  adrenaline 
led  to  further  study,  and  to  its  wide  application  in  asthma,  hay 
fever,  etc.  It  will  be  seen  that  ephedrine  contains  no  phenolic 
hydroxyl  group,  and  has  the  side  chain  of  adrenaline  with 
an  additional  methyl  group.  The  latter  introduces  asymmetry 
in  a  second  carbon  atom,  so  that  there  are  four  optically  active 
and  two  racemic  forms,  which  have  all  been  synthesised.  One 
of  the  racemic  forms,  that  corresponding  to  the  natural  alkaloid, 
is  manufactured  as  “  ephetonine.”  In  this  particular  case  the  two 
mirror  images  (and  therefore  also  the  racemic  products)  have 
about  the  same  activity  as  the  /-ephedrine  occurring  in  nature. 


The  other  physiologically  active  derivative  of  tyrosine  is 
thyroxine,  an  active  constituent  of  the  thyroid  gland.  It  has 
the  following  constitution  : 


nh2 

•  ch9.c-cooh 

“  H 
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It  is  the  most  important  organic  iodine  compound  with  which 
we  have  to  deal.  By  the  action  of  hypoiodite  on  tyrosine  an  iodo 
derivative  is  readily  obtainable  which  contains  an  iodine  atom 
in  each  of  the  positions1  ortho  to  the  phenolic  hydroxyl  group  : 


I 


•  CH2.CH(NH2)COOH 


This  di-iodotyrosine  has  been  obtained  by  the  hydrolysis  of  the 
common  bath  sponge,  and  has  also  been  isolated  from  the 
thyroid  gland.  Thyroxine  is  apparently  built  up  from  two 
molecules  of  di-iodotyrosine,  one  of  which  has  lost  its  side 
chain,  and  has  then  taken  the  place  of  the  phenolic  hydrogen 
atom  of  the  other  molecule.2  Thus  a  bridge  oxygen  atom  is 
placed  between  two  benzene  rings ;  thyroxine  is  a  derivative 
of  diphenyl  ether,  C6H5.O.C6H5,  the  only  example  known  to 
occur  in  animals.  For  the  rest  thyroxine  is  an  amino  acid  and 
contains  an  asymmetric  carbon  atom.  Like  adrenaline,  it  has 
been  synthesised  and  separated  into  two  optically  active  forms. 
The  laevo-isomeride  occurs  in  the  thyroid  gland  and  has  about 
three  times  the  physiological  activity  of  its  mirror  image,  which 
can  only  be  obtained  artificially.  As  in  the  case  of  adrenaline, 
we  assume  that  thyroxine  acts  on  an  asymmetric  structure. 

The  feature  of  thyroxine  is  its  iodine  content,  nearly 
two-thirds  of  the  molecular  weight.  The  amount  of  the 
substance  in  the  thyroid  gland  is  very  small,  for  it  is  built 
into  a  large  protein  molecule;  hence  dried  thyroid  contains 
generally  less  than  0-5  per  cent,  of  iodine,  and  the  normal 
human  gland  may  contain  only  about  25  milligrams  of  thyroxine. 
The  iodine  content  of  other  organs  is  vanishingly  small,  so 

1  If  the  para  position  were  not  occupied  by  the  side  chain  there  would 
be  three  iodine  atoms  in  the  places  of  the  three  bromine  atoms  in  tribromo 
phenol,  or  of  the  three  nitrogroups  in  picric  acid. 

2  Pons  medicorum  :  Tadpoles  are  used  for  testing  the  activity  of  thyroid 
preparations,  because  their  development  is  greatly  accelerated  by  minute 
concentrations  of  thyroxine.  Imagine  that  a  cannibalistic  tadpole  (on  the 
right)  has  ingested  the  tail  of  its  fellow  (on  the  left),  then  the  “eyes”  of  the 
two  tadpoles  occupy  positions  corresponding  to  the  “I’s”  in  the  structural 
formula. 


O 
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that  our  iodine  requirements  are  very  slight  But  if  these 
requirements  are  not  satisfied,  the  thyroid  gland  becomes 
deficient  in  thyroxine,  and  enlarges  (hypertrophies)  in  an 
attempt  to  produce  more.  In  this  way  goitre  is  produced, 
especially  in  those  countries  remote  from  the  sea,  where  there 
is  too  little  iodine  in  the  water  and  the  soil.  Of  the  alkaline 
halides  the  iodides  are  the  most  soluble,  and  in  the  course  of 
geological  epochs  the  iodine  is  washed  into  the  sea,  from  which 
seaweeds,  sponges  and  other  marine  organisms  extract  it.  The 
iodine  of  Chile  saltpetre  is  no  doubt  also  of  marine  origin. 


NAPHTHALENE,  ANTHRACENE,  PHENANTHRENE 


Naphthalene,  C10H8,  is  one  of  the  chief  constituents  of  coal- 
tar  (p.  165)  and  a  solid  hydrocarbon  (m.p.  8o°)  ;  it  crystallises 
in  plates  and  has  a  characteristic  smell.  It  is  used  very  largely 
for  the  manufacture  of  dyes,  and  to  some  extent  for  preserving 
clothing  against  moths,  and  in  certain  skin  diseases. 

Structurally  naphthalene  consists  of  two  benzene  rings 
which  have  two  carbon  atoms  in  common,  an  example  of  a 
so-called  condensed  ring  system. 


The  molecule  is  less  symmetrical  than  that  of  benzene ;  the 
eight  hydrogen  atoms  are  of  two  kinds,  four  adjoining  the 
carbon  atoms  common  to  both  rings  and  four  others.  The 
positions  1,  4,  5  and  8  are  called  a;  2,  3 ,6  and  7  are  known  as 
/3-positions,  and  thus  there  are  two  monohydroxy  naphthalenes 
or  naphthols. 


a-Naphthol  /3-Naphthol. 


(In  benzene  there  are  three  disubstituted  derivatives ;  in 
naphthalene  there  are  ten.) 


ANTHRACENE 
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(3- Naphthol,  C10H7OH,  melts  at  1220  and  is  used  in  skin 
diseases.  The  two  naphthols  are  prepared  by  fusion  of  the 
corresponding  naphthalene  sulphonates  with  sodium  hydroxide. 
Numerous  derivatives  of  naphthalene  have  been  studied  in 
connection  with  the  manufacture  of  dyes ;  very  few  occur  in 
nature. 

Anthracene  and  phenanthrene  are  two  isomeric  hydro¬ 
carbons,  C14H10,  from  coal-tar.  In  each  three  rings  are  condensed 
together;  the  two  hydrogen  atoms  of  the  middle  ring  are  readily 

HC  CH  CH 


HC\A\A\AH 

HC  CH  CH 

Anthracene. 

removed  by  oxidation  with  the  formation  of  quinones  which 
are  not  quite  comparable  to  benzoquinone  (p.  183)  and  are  not 
readily  reduced. 

Alizarin,  1  :  2-dihydroxy-anthraquinone,  occurs  in  madder 


CO  OH 


CO 


as  a  glucoside,  and  is  used  in  turkey-red  dyeing.  Its  synthesis 
from  anthracene  was  one  of  the  earliest  triumphs  of  synthetic 
chemistry  and  rapidly  ended  the  cultivation  of  madder.  Its 
chief  use  as  a  dye  depends  on  the  formation  of  brightly  coloured 
insoluble  compounds  (lakes)  with  many  metallic  hydroxides; 
the  metal  replaces  the  hydrogen  of  the  phenolic  hydroxyls. 

The  purgative  principles  of  senna,  cascara  and  rhubarb  root 
are  all  polyhydroxy  derivatives  of  methyl  anthraquinone. 


CH  CH 

CH  C  /=\C 


CH 


HC 


c  c\= 


CH 


CH  CH  CH  CH 

Phenanthrene 


HETEROCYCLIC  COMPOUNDS,  PROTEINS, 

LIPOIDS 


A  benzene  ring  is  made  up  of  six  atoms  of  the  same  element, 
carbon.  Such  a  ring,  in  which  all  the  atoms  are  identical,  is 
termed  homocyclic.  We  have  already  encountered  a  few  hetero¬ 
cyclic  compounds,  containing  rings  which  include  elements  other 
than  carbon,  for  example — paraldehyde  (p.  22),  butyrolactone 
(p.  78),  maleic  anhydride  (p.  94),  a-  and  /3-glucose  (p.  130), 
veronal  (p.  160),  creatinine  (p.  162).  Saccharin  contains  a 
homocyclic  (carbocyclic  benzene)  ring  joined  to  a  heterocyclic 
containing  three  elements  (p.  195).  More  or  less  complicated 
substances  with  heterocyclic  rings  are  common  in  nature,  e.g. 
among  alkaloids  and  colouring  matters.  We  will  here  mainly 
limit  ourselves  to  a  few  ring  systems  which  are  of  physio¬ 
logical  importance,  because  they  occur  in  proteins  and  in 
purines. 

It  should  be  noted  that  all  the  substances  which  have  been 
mentioned  above  in  illustration  are  internal  anhydrides  (ethers, 
esters,  amides),  and  that  their  rings  are  opened  by  hydrolysis. 
There  are,  however,  a  number  of  heterocyclic  substances 
which  like  benzene  are  not  thus  hydrolysed.  Pyridine  may 
be  regarded  as  benzene  in  which  a  group  -CH=  is  represented 
by  -N  = 


CH  CH 


/\ 

/\ 

HC 

CH 

HC 

CH 

HC 

CH 

HC 

CH 

CH  N 


Benzene  Pyridine. 


It  is  formed  by  the  destructive  distillation  of  certain  nitrogenous 
organic  substances  and  occurs  in  coal-tar ;  it  is  extracted  from 
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the  distilled  fractions  by  means  of  sulphuric  acid.  When  pure 
it  is  a  colourless  liquid  of  characteristic  odour  (b.p.  1 1 40)  which 
mixes  with  water  in  all  proportions  (although  it  contains 
no  hydroxyl  group).  It  is  an  excellent  solvent  for  organic 
substances  and  a  tertiary  base.  On  reduction  pyridine  may 
be  converted  to  hexahydropyridine  or  piperidine,  so  called 
because  it  is  formed  by  the  hydrolysis  of  the  alkaloid  piperine, 
occurring  in  pepper.  Piperidine  is  a  secondary  base. 


CH 

HC/^CH 


CH 


HC 


+  6  H  = 


CH 


H2C 

h2c 


2 

CH, 


CH, 


N 


NH 


We  have  seen  that  naphthalene  consists  of  two  benzene 
rings  which  have  two  carbon  atoms  in  common.  Similarly 
quinoline  consists  of  a  benzene  and  a  pyridine  ring  fused  in  the 
same  way : 


HC  CH 

hc^NU^ch 


HC  N 


Such  fused  ring  systems  are  said  to  be  condensed,  which  does 
not  mean  that  they  can  be  built  up  by  joining  the  separate 
preformed  rings  (this  would  give  an  excess  of  two  carbon 
atoms).  Quinoline  is  so  called  because  it  is  obtained  by 
oxidising  a  quinine-like  alkaloid  ;  indeed,  most  of  the  vegetable 
alkaloids  are  derivatives  of  pyridine,  quinoline  or  similar  ring 
systems,  to  which  they  owe  their  basic  properties.  Pyridine 
and  quinoline  derivatives,  however,  hardly  occur  in  animals 
and  are  not  of  general  physiological  importance.  Here  they 
merely  serve  as  an  introduction  to  other  heterocyclic  com¬ 
pounds. 

We  will  next  consider  two  ring  systems  composed  of  only 
five  members.  If  we  imagine  two  carbon  atoms,  with  a  double 
bond  between  them,  taken  out  of  a  benzene  ring,  the  remainder 
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can  be  made  into  a  heterocyclic 
of  a  bridge  oxygen  atom. 


HC— CH 


ring  (furane)  by  the  insertion 


HC 

CH 

HC 

CH 

\/ 

o 

Furane. 


The  best  known  compound  containing  this  ring  is  furfural,  an 
aldehyde  most  readily  prepared  by  distilling  bran  (L.  furfur ) 
with  dilute  sulphuric  acid.  Bran  contains  a  polysaccharide 
derived  from  a  pentose,  and  such  pentosans,  as  well  as  gum 
arabic  and  the  pentoses  themselves,  are  converted  by  heating 
with  acids  into  furfural,  which  retains  the  chain  of  five  carbon 
atoms.  Hence  the  aldehyde  group  adjoins  the  bridge  oxygen 
atom  and  is  in  the  so-called  a-position. 


CH(OH)  .CH(OH)  .CHO 
CH(OH).CH2(OH) 

Pentose 


CH=C.CHO 
|  /O  +  3H2O 

CH=CH 

Furfural. 


Furfural  (b.p.  162°)  resembles  benzaldehyde  in  many  of  its 
properties,  but  can  be  distinguished  by  a  number  of  colour 
reactions.  Thus  if  a  filter  paper  moistened  with  a  solution 
of  aniline  acetate  is  held  in  the  vapours  from  a  boiling  solution 
of  furfural,  it  is  coloured  a  bright  crimson.  A  chain  of  six 
carbon  atoms  can  yield  a  furfural  derivative  with  an  extra 
carbon  atom.  In  the  case  of  the  aldohexoses  such  a  derivative 
is  only  formed  under  special  conditions.  It  is,  however,  readily 
obtained  from  fructose,  where  the  position  of  the  keto  group 
is  favourable,  and  from  glycuronic  acid,  which  may  be  regarded 
as  a  carboxy-pentose,  HOOC  .  (CH2OH)4C HO.  Fructose,  for 
instance,  yields  hydroxymethyl  furfural 

HC— CH 

HO.CH2.C  C.CHO 

\/ 

o 

The  formation  of  furfural  derivatives  and  their  colour  reactions 
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are  utilised  for  the  recognition  of  pentoses,  kevulose  and 
glycuronic  acid  in  urine,  which  for  this  purpose  is  heated 
with  an  equal  volume  of  concentrated  hydrochloric  acid  and 
a  small  quantity  of  various  phenols. 

We  will  next  consider  a  five-membered  ring  which,  instead 
of  the  oxygen  atom  of  furane,  has  an  imino  group.  A  com¬ 
pound  containing  such  a  ring  will  be  represented  by  piperidine 
from  wrhich  one  methylene  group  has  been  removed.  This 
lower  “ring  homologue”  of  piperidine  is  pyrrolidine.  Like 
piperidine  it  can  be  dehydrogenated,  but  since  the  ring  contains 
only  five  members,  only  two  double  bonds  can  be  formed  with 
the  loss  of  four  hydrogen  atoms  : 


H2C 

h2c 


NH 


Pyrrolidine 


-4h  — > 


HC 

HC 


CH 

CH 


NH 

Pyrrole. 


The  new  substance  pyrrole  is  related  to  furane,  already 
discussed.  The  relationship  between  these  two  substances 
is  shown  by  the  fact  that  both  are  formed  from  succindi- 
aldehyde  —  furane  by  simple  dehydration,  pyrrole  by  the 
additional  action  of  ammonia. 


H,C— CH2 
HC  CH  - > 

o  o 

Dialdehyde  of 
succinic  acid 

Pyrrole  is  already  of  much  greater  physiological  interest 
than  the  preceding,  for  this  ring  is  contained  four  times  over 
in  the  molecule  of  haemoglobin,  the  red  colouring  matter  of 
the  blood,  and  also  in  chlorophyll,  the  green  pigment  of  plants. 
Pyrrole  compounds  are  thus  closely  associated  with  animal 
and  vegetable  metabolism.  The  characteristic  portion  of  the 
immense  haemoglobin  molecule  is  haematin,  which  is  composed 
of  four  substituted  pyrrole  nuclei  and  an  atom  of  iron. 
Similarly  the  essential  part  of  chlorophyll  is  made  up  of  four 
pyrrole  rings  and  an  atom  of  magnesium.  In  all  cases  the 
various  pyrrole  rings  have  substituents  attached  to  their 


HC— CH 
HC  CH 


O 

Furane 


and 


HC— CH 

HC  CH 

/ 


NH 

Pyrrole. 
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carbon  atoms,  eg. 
haematin. 


haemopyrrole  is  obtainable  by  reduction  of 


CHg.C— C.C2H6 
HC  CH 


NH 


Pyrrole  itself,  C4H5N,  is  a  constituent  of  the  oil,  obtained  when 
bones  are  subjected  to  destructive  distillation  for  the  purpose 
of  producing  bone  charcoal.  In  contradistinction  to  pyridine 
and  pyrrolidine  it  is  not  a  base.  It  is  a  colourless  liquid  which 
rapidly  turns  brown  in  the  air.  In  solution  and  as  vapour, 
pyrrole  and  its  derivatives  turn  a  splinter  of  pine  wood, 
moistened  with  hydrochloric  acid,  to  a  fiery  red — hence  the 
name  (Gk.  pur,  fire). 

Pyrrolidine,  C4H9N,  on  the  other  hand,  is  a  moderately 
strong  secondary  base,  with  an  ammoniacal  odour,  resembling 
piperidine  in  most  ways.  Pyrrolidine  occurs  in  two  amino 
acids  of  protein  : 


H2C— ch2 
H2C  CH.COOH 


NH 

Proline 


hoch— ch2 

H,C  CH.COOH 

'  \/ 

NH 

Hydroxyproline. 


Proline  is  a-pyrrolidinecarboxylic  acid,  and  contains  one 
asymmetric  carbon  atom ;  hydroxyproline  contains  two.  These 
two  are  the  only  “  amino”  acids  which  do  not  contain  an  amino 
group,  but  in  both  there  is  a  basic  group  in  the  a-position  to 
the  carboxyl ;  to  this  rule  there  is  no  exception  among  the 
units  which  build  up  protein. 

Pyrrolidine  also  occurs  in  a  few  alkaloids ;  thus  nicotine,  the 
liquid  alkaloid  and  poisonous  principle  of  tobacco,  is  made  up 
of  iV-methylpyrrolidine  joined  by  one  of  its  a-carbon  atoms  to 
a  /3-carbon  atom  of  a  pyridine  ring. 


HC 

HC 


CH  H0C  —  CH 


C— HC  CH 


2 

2 


CH 


NCH3 


N 
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It  is  a  ditertiary  base  with  one  asymmetric  carbon  atom  and 
optically  active.  The  /3-position  in  pyridine  is  meta  to  the 
nitrogen  atom.  Unlike  nicotine,  most  alkaloids  contain  oxygen 
and  are  solids. 

Returning  now  to  pyrrole,  we  next  imagine  this  ring 
condensed  with  a  benzene  nucleus : 

CH 


HcUN - CH 


CH  NH 


This  is  indole,  so  called  because  it  was  first  obtained  from 
indigo.  Later  indole  was  found  to  be  a  product  of  putrefaction, 
and  ultimately  its  origin  was  traced  to  the  important  amino- 
acid  tryptophane,  an  essential  constituent  of  our  food.  We 
cannot  live  without  proteins  containing  tryptophane ;  the  chief 
of  them  is  caseinogen  in  milk. 

Tryptophane  is  /3-indole-a-aminopropionic  acid  or  /3-indole- 
alanine.  Nearly  all  amino  acids  can  be  regarded  as  a-amino- 
propionic  acid,  or  alanine,  in  which  a  hydrogen  of  the  methyl 
group  is  replaced  by  another  residue ;  tryptophane  is 

CH 

P  *  P  * 

HC  C - C - CH2 .  CH  .  COOH 

HCX\  /C  “CH  NH2 

CH  NH 

The  substituent,  an  indole  residue  minus  a  hydrogen  atom, 
should  strictly  speaking  be  called  indyl  or  indoyl,  but  these 
terms  are  hardly  in  use  and  somewhat  ambiguous.  It  should 
further  be  noted  that  the  indole  nucleus  is  attached  by  a  carbon 
atom  of  its  pyrrole  ring;  this  still  leaves  two  possibilities, 
the  a-carbon  atom  next  to  the  nitrogen  atom  and  the  /3-carbon 
atom  remote  from  it.  In  tryptophane  it  is  the  /3-carbon  atom 
of  the  indole  nucleus  which  is  joined  to  the  /3-carbon  atom 
of  alanine. 

Pyrrole  is  an  unstable  substance,  resinified  by  strong 
acids ;  indole  is  likewise  rather  unstable,  and  tryptophane  is 

O 
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peculiar  among  amino  acids  in  that  it  cannot  be  obtained 
by  boiling  a  protein  with  concentrated  hydrochloric  acid,  the 
usual  method  of  hydrolysis.  In  this  particular  case  we  are 
restricted  to  the  gentler  action  of  a  proteolytic  ferment, 
trypsin.  The  name  tryptophane  recalls  the  fact  that  the 
substance  was  first  suspected  in  a  tryptic  digest,  from  which  it 
was  ultimately  isolated.  Free  tryptophane  gives  with  bromine 
water  a  pink  or  pale  violet  coloration  ;  combined  tryptophane 
does  not,  so  that  this  reaction  only  appears  during  tryptic 
digestion,  as  soon  as  tryptophane  is  set  free.  Accordingly 
synthetic  glycyltryptophane  has  been  used  as  a  means  for 
testing  the  activity  of  trypsin.  When  a  tryptophane  solution 
is  mixed  with  glyoxylic  acid  and  concentrated  sulphuric  acid 
is  poured  underneath  in  a  test  tube  (as  in  the  ring  test  for 
nitrates),  a  purple  zone  is  formed  at  the  junction  of  the  two 
layers.  This  reaction  (in  the  presence  of  concentrated  sulphuric 
acid)  is  given  equally  by  combined  tryptophane  and  is  hence 
a  reaction  for  nearly  all  proteins. 

The  nitrogen  in  indole  is  no  more  basic  than  that  in  pyrrole, 
so  that  tryptophane  is  a  neutral  substance ;  the  acid  properties 
of  the  carboxyl  are  neutralised  by  the  a-amino  group,  just  as 
in  glycine  and  alanine,  and  the  second  nitrogen  atom  does  not 
in  this  case  make  the  molecule  more  basic.  (The  diamino  acids, 
eg.  arginine,  p.  162,  and  histidine,  p.  213,  are  distinctly  basic.) 

We  must  now  consider  tryptophane  as  the  source  of  indole 
compounds  of  physiological  interest.  When  acted  on  by 
putrefactive  bacteria,  in  the  intestine,  the  two  last  carbon 
atoms  and  the  nitrogen  of  the  side  chain  are  eliminated,  and 
the  side  chain  is  reduced  to  a  methyl  group.  This  degrada¬ 
tion  corresponds  to  the  production  of  /-cresol  from  tyrosine 
(p.  198). 


-C.CHj 

CH 


NH 

Skatole. 


The  resulting  substance,  /5-methyl  indole  or  skatole,  is  the 
chief  cause  of  the  peculiar  odour  of  faeces.  It  is  a  white 
crystalline  substance  (m.p.  95 °,  b.p.  265°),  sufficiently  volatile 
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to  have  an  intense  odour.  By  further  bacterial  action  the 
methyl  group  may  also  be  eliminated,  so  that  indole  itself 
is  produced,  which  corresponds  to  the  phenol  formed  in 
putrefaction  from  tyrosine.  Indole,  like  skatole,  is  a  crystalline 
substance  (m.p.  5 2°,  b.p.  2450)  which,  in  bulk,  has  an  odour 
only  slightly  less  offensive  than  that  of  skatole.  Yet  minute 
quantities  of  indole  occur  in  some  natural  perfumes,  and 
contribute  to  their  pleasant  qualities;  indole  is  for  instance 
given  off  by  the  flowers  of  the  tobacco  plant,  and  is  prepared 
artificially  for  blending  with  synthetic  perfumes. 

When  indole  is  absorbed  from  the  intestine,  it  is  oxidised 
in  the  body  at  the  /3-carbon  atom,  with  the  formation  of 
/3-hydroxy-indole  (sometimes  called 


COH 

II 

CH 
NH 


indoxyl,  which  is  a  less  satisfactory  name  since  it  should  refer 
to  a  radicle). 

The  hydroxy-indole  is  eliminated  in  the  urine,  not  indeed 
in  the  free  state,  but  coupled  with  sulphuric  acid  as  ethereal 
sulphate,  in  the  same  way  as  phenol  is  when  excreted.  The 
amount  of  hydroxy-indole  in  the  urine  is  some  measure  of 
the  extent  of  intestinal  putrefaction. 


— C  .  O  .  S03K 


NH 


Small  quantities  of  potassium  /3  -  hydroxy-indyl  sulphate 
frequently  occur  in  the  urine  as  the  result  of  this  putrefaction. 
The  substance  is  also  called  indoxyl  sulphate  and  “urinary 
indican.”  Like  phenyl-  and  ethylsulphuric  acids,  it  has  a 
soluble  barium  salt,  and  is  hydrolysed  to  sulphuric  acid  by 
boiling  with  hydrochloric  acid.  Hydroxy-indole,  the  other 
product  of  the  hydrolysis,  can  be  recognised  by  its  oxidation 
to  indigo  blue  by  means  of  bleaching  powder  solution,  bromine 
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water  or  ferric  chloride.  The  urine  is  coloured  greenish  blue, 
and  by  shaking  with  chloroform  the  indigo  is  extracted  as 
a  deep  blue  solution. 


\ 


COH 

CH 


NH 


NH  NH 


/3-Hydroxy-indole 

(Indoxyl) 


Indigo. 


Indigo  blue  does  not  occur  in  plants  as  such,  but  as  indica,n, 
the  colourless  glucoside  of  hydroxy-indole.  Hence  the  ester 
in  urine  is  called  urinary  “indican,”  because  it  behaves  on 
hydrolysis  like  the  real  indican,  an  ether. 


RINGS  WITH  TWO  NITROGEN  ATOMS 


We  began  the  consideration  of  heterocyclic  rings  by 
imagining  one  -CH=  group  of  benzene  to  be  replaced  by 
a  nitrogen  atom.  This  imaginative  process  (not  a  laboratory 
one !)  results  in  pyridine.  Let  us  now  make  a  similar  modifica¬ 
tion  in  pyrrole.  We  can  imagine  a  nitrogen  atom  in  the  place 
of  one  of  the  two  -CH=  groups  adjoining  the  imino  group, 
or  of  one  of  those  remote  from  it.  Here  we  need  only  con¬ 
sider  the  latter  case.  Since  nitrogen  does  not  support  life 
(Gk.  a,  without,  zoos,  living)  nitrogen  is  called  azote  in  French, 
and  this  particular  ring,  which  contains  an  imino  group  in 
addition  to  a  nitrogen  atom,  is  termed  iminazole.  Since  it 
was  first  obtained  from  the  dialdehyde  glyoxal,  it  is  also 
called  glyoxaline.  Glyoxaline  or  iminazole  is  important 
because  of  its  occurrence  in  the  amino  acid  histidine  and  in 
purines.  Histidine  is  /3-iminazolylalanine. 


HC 

-CH 

ii 

CH 

HC 

CH 

HC 

CH 

\/  \/ 

NH  NH 


Pyrrole  Iminazole  or  Glyoxaline 


N— C .  CH2 .  CH(NH2) .  COOH 

HC  CH 

\/ 

NH 

Histidine  or  /3-iminazolylalanine. 


It  should  be  noted  that  the  side  chain  is  not  attached  to  the 
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single  carbon  atom  between  the  nitrogen  atoms  but  to  either 
of  the  other  two.  It  might  be  imagined  that  it  makes  a 
difference  which  of  these  two  is  selected  but  no  isomerides 
are  known. 


HC— NH 


C — 

ch2 

hcnh2 

COOH 


CH 


HC— N 


CH 


C— NH 

ch2 

hcnh2 

COOH 


The  above  two  constitutions  both  represent  histidine  and 
appear  to  pass  into  each  other ;  they  are  tautomeric  (compare 
acetoacetic  acid).  Glyoxaline  is  a  monacid  base  forming  salts 
by  means  of  its  imino  group,  but  its  tertiary  nitrogen  atom  is 
non-basic.  Histidine  contains  therefore  a  primary,  a  secondary 
and  a  tertiary  nitrogen  atom,  of  which  the  first  two  are  basic ; 
it  is  a  so-called  diamino  acid,  and  since  there  is  only  one 
carboxyl  group,  the  molecule  as  a  whole  has  predominantly 
basic  properties.  It  forms  a  monohydrochloride  and  a  dihydro¬ 
chloride.  The  glyoxaline  ring  shows  some  analogies  to  a 
benzene  ring,  in  particular  in  its  power  of  “coupling”  with 
diazo  compounds  to  form  dyes  (see  p.  197).  For  this  reason 
histidine  and  related  compounds  give  an  intense  red  coloration 
when  mixed  in  sodium  carbonate  solution  with  para  diazo 
benzenesulphonic  acid  (Pauly’s  reaction). 

Histidine,  like  all  the  amino  acids  of  protein,  is  devoid  of 
pharmacological  action,  but  when  it  is  decarboxylated  by  loss 
of  carbon  dioxide  an  amine  results, 


N— C .  CH2 .  CH(NH2) .  COOH 

CH  CH  - > 

\/  -  C02 

NH 


N— C .  CH2 .  CH2 .  NH2 

CH  CH 

\/ 

NH 


which  may  be  called  iminazolylethylamine,  or  more  briefly 
histamine,  and  is  a  distinctly  poisonous  substance,  if  injected 
hypodermically.  Histamine  frequently  results  in  nature  from 
the  action  of  micro-organisms  on  proteins  (containing  histidine), 
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and  also  occurs  preformed  in  small  quantity  in  some  fungi 
(e.g.  ergot)  and  in  certain  organs  of  the  higher  animals  (eg. 
the  lungs).  This  amine  appears  to  be  of  distinct  physiological 
importance. 

We  have  regarded  glyoxaline  or  iminazole  as  pyrrole  with 
a  -CH  =  group  in  the  /3-position  to  the  imino  group  replaced 
by  a  nitrogen  atom.  Let  us  now  imagine  a  similar  modifica¬ 
tion  of  a  pyridine  ring,  and  that  the  second  nitrogen  atom 
likewise  occupies  a  /3  (or  meta)  position  in  relation  to  the  first. 
We  then  arrive  at  a  ring  system  composed  of  four  carbon  and 
two  nitrogen  atoms,  called  pyrimidine. 


CH 

CPI 

HO  CH 

N  CH 

HC  CH 

HC  CH 

\/ 

N 

N 

Pyridine 

Pyrimidine. 

Bases 

derived  from  pyrimidine 

are  important  constituents 

of  the 

cell  nucleus,  the  peculiar 

staining  properties  of  which 

already 

point  to  a  chemical  differentiation  from  the  cyto- 

plasm.  The  proteins  of  the  nucleus  (nucleoproteins)  contain  a 
characteristic  constituent,  nucleic  acid,  which  is  built  up  from 
four  molecules  of  phosphoric  acid,  four  molecules  of  a  simple 
sugar  (monosaccharide),  and  one  molecule  each  of  four  different 
bases  ;  these  bases  are  either  derivatives  of  a  single  pyrimidine 
ring  or  of  a  related  bicyclic  system  called  purine. 

We  are  here  not  concerned  with  the  three  substituted 
pyrimidines  which  actually  occur  in  the  cell  nucleus,  but  use 
the  pyrimidine  ring  merely  to  arrive  at  the  formula  of  purine. 

PURINE  DERIVATIVES 

Purine  may  be  regarded  as  a  condensed  system,  consisting 
of  a  pyrimidine  and  a  glyoxaline  ring,  which  have  two  carbon 
atoms  in  common.  In  both  rings  we  select  those  two  carbon 
atoms  between  which  there  is  a  double  bond,  and  we  make 
these  two  common  to  both  rings. 
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N  CH 

HC— N 

j  CH 

HC 

\/ 

N 

NH 

Pyrimidine 

Glyoxaline 

N  NH 


Purine. 


^  XH  HC - 


NH 

Benzene  Pyrrole 


NH 


Indole. 


In  this  way  we  obtain  the  formula  for  purine.  It  will  be  seen 
that  pyrimidine,  glyoxaline  and  purine  are  in  the  same 
relationship  to  each  other  as  benzene,  pyrrole  and  indole. 
With  the  exception  of  the  last  named,  none  of  these  substances 
occurs  in  the  animal  organism  (indole  is  only  formed  by 
bacterial  action  in  the  intestine,  and  therefore  strictly  speaking 
outside  the  body).  Derivatives  of  all  six  are,  however,  of  great 
physiological  importance.  The  best  known  purine  derivative 
is  uric  acid,  and  the  name  purine  (from  purum  uricum )  was 
devised  for  the  parent  substance  which  does  not  itself  occur  in 
nature.  The  metabolism  of  purine  derivatives  in  the  tissues 
consists  in  the  introduction  of  hydroxyl  groups,  and  when  as 
many  as  possible  have  been  introduced  the  purine  derivative  is 
excreted  in  the  urine  as  uric  acid,  which  is  the  end  product  of 
purine  metabolism  in  man. 


CH 


N' 

I 

HC 


' - N 

11 

Nx  x 

II 

,CH 

| 

HOC, 

N  NH 

P  urine 


COH 

N 

CON 

N  NH 

Trihydroxy  purine  or  uric  acid. 


It  will  readily  be  seen  that  there  are  only  three  carbon  atoms 
which  can  be  oxidised,  so  that  uric  acid  is  trihydroxypurine 
of  the  above  formula.  This  formula  is  convenient  for  bringing 
out  the  relationship  of  purine  derivatives  to  other  ring  systems 
and  for  representing  certain  of  its  reactions.  Thus  when  uric 
acid  is  heated  with  phosphorus  pentachloride  all  three  hydroxyls 


21 6 


ORGANIC  CHEMISTRY 


can  be  replaced  by  chlorine,  and  on  subsequent  reduction  of  the 
trichloro  derivative,  they  become  replaced  by  hydrogen  ;  these 
reactions  constitute  a  conversion  of  uric  acid  to  purine.  Uric 
acid,  however,  also  reacts  in  other  ways  which  are  best  explained 
by  a  tautomeric  formula,  which  we  obtain  by  moving  each 
hydrogen  of  a  hydroxyl  group  to  an  adjoining  nitrogen  atom. 


CO 


HN - CO 


HN  C  —  NH 
OC  C  CO 


HN  NH 


or  OC  C— NH 

\co 

HN - C— NH 

Uric  acid. 


Uric  acid  then  appears  as  a  double  ureide  of  a  type  which 
we  have  already  encountered  in  barbituric  acid  and  veronal 
(p.  160).  The  latter  substance  was  indeed  prepared  by  Emil 
Fischer  in  connection  with  his  work  on  purine  derivatives. 
Uric  acid  is  thus  a  complicated  amide,  and  can  be  hydrolysed  by 
heating  with  hydriodic  acid,  yielding  carbon  dioxide,  ammonia 
and  glycine. 

C5H4N403  +  5H20  =  3C02  +  3NH3  +  NH2 .  CH2 .  COOH 


The  connection  between  uric  acid  and  urea  is  illustrated  by 
a  synthesis  of  the  former  from  the  latter,  discovered  by 
Emil  Fischer.  Urea  is  first  condensed  with  malonic  acid  to 
malonyl  urea  or  barbituric  acid,  a  cyclic  ureide  (p.  159). 


HNH 

HOOC 

HN- 

— CO 

CO 

+  ch2 

= 

CO 

ch2 

| 

HNH 

HOOC 

HN - CO 

Urea 

Malonic  acid 

Barbituric  acid. 

(Veronal  is  diethyl  barbituric  acid,  with  ethyl  groups  replacing 
the  hydrogen  atoms  of  the  methylene  group.) 

By  the  action  of  nitrous  acid,  the  methylene  group  is  next 


converted  into  C  :  NOH. 

HN— 

—CO 

HN  - 

CO 

CO 

| 

CH2  +  ONOH 

CO 

C :  NOH 

HN— 

—CO 

HN 

CO 
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The  resulting  compound  can  then  be  reduced  to  amino- 
barbituric  acid  : 

HN - CO  HN - CO 

CO  C :  NOH  +  4H  =  CO  CH.NH2  +  H20 
HN - CO  HN - CO 

Aminobarbituric  acid. 

The  second  urea  group  is  now  generated  on  the  principle 
of  Wohler’s  famous  urea  synthesis.  We  have  seen  (p.  153)  that 
on  evaporation  of  a  solution  containing  potassium  cyanate  and 
ammonium  sulphate,  he  isolated  urea,  instead  of  ammonium 

f  \7p  p  Q  f  p 

nh4.cno - >  nh2.co.nh2 

Similarly,  when  potassium  cyanate  is  evaporated  with  the  salt 
of  a  substituted  ammonia,  the  substituted  ammonium  cyanate 
is  isomerised  to  a  substituted  urea.  In  the  present  case  the 
substituted  ammonia  is  aminobarbituric  acid,  and  on  treatment 
with  potassium  cyanate  it  is  converted  into  a  urea  derivative  : 

HN - CO  '  HN - -CO 

CO  CH.NH3.CNO - >  CO  ch.nh.co.nh2 

HN - CO  HN - CO 

If  we  write  the  latter  derivative  in  a  slightly  different  way  it 
will  be  seen  that  it  only  requires  the  loss  of  a  molecule  of  water 
to  close  the  second  ring  and  form  uric  acid. 


HN - CO  HN - CO 

11  ’  ii 


CO  CH 

NH 

— > 

1  1 

1  1 
CO  c— 

— NH  +  H,0 

|  | 

>CO 

1  II 

>CO 

HN - CO  HNH  HN - C - NH 


The  elimination  of  water  is  brought  about  by  boiling  with 
concentrated  hydrochloric  acid,  which  completes  the  synthesis. 

A  biochemical  connection  between  uric  acid  and  urea  is  also 
indicated  by  the  fact  that  in  some  animals  the  metabolism  of 
purines  goes  further  than  uric  acid  and  ends  in  urea  or  urea  deriva¬ 
tives.  Thus,  uric  acid  fed  to  rabbits  is  largely  converted  into  a 
urea  derivative  and  certain  micro-organisms  produce  urea  from  it. 

Animals  are  capable  of  building  up  purines  from  protein,  and 
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can  dispense  with  purine  in  their  food  ;  it  seems,  however,  that 
they  are  incapable  of  building  up  the  glyoxaline  ring,  for  which 
they  depend  on  the  histidine  present  in  the  food  protein.  Rats  fed 
on  a  hydrolysed  protein  from  which  the  histidine  and  therefore 
the  glyoxaline  nucleus  have  been  removed,  do  not  form  purines. 

The  clinical  importance  of  uric  acid  is  due  to  its  very  slight 
solubility  and  that  of  its  salts.  Although  the  amount  of  uric 
acid  and  urates  excreted  is  only  something  like  0-6  gram  per 
day,  or  about  one-fortieth  of  that  of  urea,  the  urine  which 
passes  through  the  kidney  is  saturated  in  respect  of  the  free 
acid,  which  only  dissolves  in  40,000  parts  of  water  at  180  and 
in  1250  parts  at  ioo°.  The  sediment  from  a  normal  (acid) 
urine  contains  characteristic  crystals  of  free  uric  acid. 

Uric  acid  has  two  replaceable  hydrogen  atoms;  the  acid 
salts,  containing  one  atom  of  sodium  or  potassium,  have  a 
faintly  acid  reaction  and  often  form  a  yellowish  brown 
amorphous  so-called  “brick-dust”  deposit  in  concentrated 
urines,  for  the  solubility  of  these  salts  at  room  temperature  is 
very  slight  (1  :  1200  and  1:700  respectively).  Such  a  urate 
deposit  can  be  recognised  by  dissolving  in  a  little  hot  water 
and  acidifying,  when  on  cooling  crystals  of  uric  acid  separate. 

In  a  urine  which  has  become  alkaline  through  the  (bacterial) 
formation  of  ammonia,  the  ammonium  salt  separates  (in 
characteristic  “hedgehog  spines”);  it  is  very  slightly  soluble 
in  water,  but  can  be  dissolved  in  hydrochloric  acid,  from  which 
uric  acid  crystals  separate  on  cooling. 

Urinary  calculi  in  the  kidney  and  bladder  are  often  mainly 
composed  of  acid  sodium  urate.  Such  calculi  and  urate 
sediments  can  be  recognised  by  the  murexide  test  for  uric 
acid.  On  evaporation  with  a  few  drops  of  nitric  acid  on  a 
water  bath,  a  yellow  residue  is  left,  which  is  coloured  purple 
on  addition  of  ammonia  (the  test  is  named  after  Murex ,  the 
mollusc  which  supplied  the  royal  purple  of  the  Ancients).  The 
quantitative  determination  of  uric  acid  and  urates  depends  on 
the  fact  that  ammonium  urate  is  practically  insoluble  in  solutions 
of  ammonium  salts.  Hence  this  urate  is  precipitated  by  adding 
ammonium  sulphate,  and  the  precipitate  is  titrated  with  a 
standard  permanganate  solution. 

Whilst  in  man  uric  acid  is  only  produced  by  the  oxidation 
of  the  purines  of  the  tissues  and  of  the  food,  and  the  nitrogen  of 
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amino  acids  is  excreted  as  urea,  the  metabolism  of  birds  and 
of  reptiles  takes  a  different  course.  In  these  animals  the 
nitrogen  of  the  amino  acids  is  also  mainly  converted  into  uric 
acid,  which  may  constitute  90  per  cent,  of  snakes’  excrements. 
Guano  (consisting  of  birds’  excrements  from  certain  tropical 
islands)  is  the  cheapest  material  for  the  preparation  of  uric 
acid  (extraction  with  hot  dilute  sodium  carbonate  ;  filtration  ; 
precipitation  with  hydrochloric  acid). 

Urea  administered  to  birds  is  excreted  as  uric  acid;  on  the 
other  hand  uric  acid  fed  to  dogs  appears  in  the  urine  as 
allantoin  : 

HN - CO  H2N 


CO 
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-NH 

->  CO 

CO— NH 
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-CH— NH 

Uric  acid  Allantoin. 


Allantoin  (so  called  because  it  was  first  found  in  the  allantoic 
fluid  of  calves)  is  much  more  soluble  in  water  than  uric  acid, 
and  can  be  prepared  from  the  latter  by  oxidation  with 
permanganate.  It  is  the  diureide  of  glyoxylic  acid  and  may 
be  further  broken  down  to  urea.  Thus  allantoin  and  urea  are 
formed  when  uric  acid  is  fed  to  many  mammals,  including 
man.  This  difference  in  the  metabolism  of  mammals  and 
birds  is  closely  connected  with  anatomical  structure  ;  the  long 
narrow  urethra  and  ureter  in  the  former  animals  make  the 
production  of  large  quantities  of  an  insoluble  compound 
unsuitable.  Even  the  small  amount  of  uric  acid  produced  in 
man  may  be  a  source  of  trouble,  not  only  through  the  formation 
of  urinary  calculi,  but  also  by  the  deposition  of  uric  acid  in  the 
tissues,  particularly  in  the  joints  in  gout  and  in  rheumatism. 
Its  elimination  has  been  attempted  by  the  administration  of 
alkaline  .salts  and  in  so  far  as  they  make  the  urine  alkaline 
they  prevent  a  deposit  of  free  uric  acid.  Lithium  urate  is  four 
times  as  soluble  as  sodium  urate  and  hence  lithium  carbonate 
(lithia  water)  has  been  tried.  The  organic  base  piperazine 
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NH 


NH 
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also  forms  a  soluble  urate,  and  has  been  used  with  the  same 
end  in  view.  The  object  is,  however,  not  attained,  nor  can  we 
expect  it  to  be.  By  double  decomposition  any  soluble  salt  of 
uric  acid  would  be  converted  in  the  tissues  into  sodium  urate. 
The  problem  is  much  more  complicated  and  is  best  attacked 
by  pharmacological  agents  rather  than  by  chemical  means. 
(Atophan,  a  phenylquinoline  carboxylic  acid,  greatly  increases 
the  elimination  of  uric  acid  in  a  way  which  is  not  understood, 
but  certainly  does  not  depend  on  the  formation  of  a  soluble 
derivative.) 

Uric  acid  is  not  a  constituent  of  the  cell  nucleus,  and  we 
must  now  consider  the  purine  bases  from  which  it  is  derived 
by  oxidation.  In  nucleic  acid  there  occur  adenine,  an  amino- 
purine,  and  guanine,  a  hydroxyaminopurine  : 


N  C.NH 


N=C.OH 


NH— CO 


HC  C— NH  NHn.C  C— NH  or  HN :  C  C— NH 


CH 


N— C— N 

Adenine 


CH  j  jj  J;CH 

C— N  NH-C-N 

Guanine. 


Both  these  aminopurines  are  pronounced  bases.  Guanine 
was  discovered  in  guano  and  can  be  oxidised  to  guanidine 
NH2 .  C( :  NH) .  NH2  (p.  160).  The  first  stage  in  the  metabolism 
of  adenine  and  guanine  is  the  replacement  of  the  amino  group 
by  a  hydroxy  group.  This  conversion  of  a  primary  amine  into 
an  alcohol  does  not  take  place  as  it  does  in  the  laboratory 
(through  nitrous  acid,  with  the  liberation  of  nitrogen)  but 
hydrolytically ;  ammonia  is  formed.  In  this  way  adenine  is 
converted  into  a  monohydroxy  and  guanine  into  a  dihydroxy 
purine,  known  respectively  as  hypoxanthine  and  xanthine. 
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-C  OH 
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Hypoxanthine 
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Xanthine. 
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Oxidising  ferments  convert  hypoxanthine  into  xanthine  and 
the  latter  into  uric  acid.  iV-methylxanthines  occur  in  plants. 
(iV-methyl  groups  are  rare  in  animals,  but  common  in  plants, 
where  they  are  probably  derived  from  formaldehyde,  resulting 
from  the  reduction  of  atmospheric  carbon  dioxide.) 


HN - CO 

CO  c — n.ch3 


CH3.N - C - N 

Theobromine 


ch3.n- 

co 

CH3.N- 


co 


c - n.ch3 


Caffeine. 


In  theobromine,  the  stimulant  principle  of  cocoa,  two  of  the 
three  imino  groups  are  methylated,  in  caffeine  all  three. 
Caffeine  is  the  stimulant  principle  of  coffee,  tea,  Paraguay 
tea  and  other  plants.  Caffeine  and  theobromine  are  used  in 
medicine  as  diuretics. 


ALKALOIDS 


Probably  our  best  approach  to  this  important  group  is  by 
mentioning  examples :  cocaine,  morphine,  nicotine,  quinine, 
strychnine  are  familiar  to  everyone,  at  least  by  name.  This 
enumeration  already  suggests  that  alkaloids  are  apt  to  possess 
striking  pharmacological  properties.  Their  generic  name 
further  implies  that  they  are  alkali-like,  i.e.  basic  in  character. 
We  may  also  note  that  the  examples  quoted  are  all  derived 
from  plants  :  cocaine  from  coca  leaves ;  morphine  from  opium 
(the  dried  juice  of  certain  poppy  capsules) ;  nicotine  from 
tobacco  leaves ;  quinine  from  Cinchona  bark  ;  strychnine  from 
the  seeds  of  Strychnos  Nux  vomica. 

The  molecule  of  the  typical  alkaloids  is  comparatively  large 
and  in  many  cases  contains  something  like  twenty  carbon  atoms. 
Accordingly,  if  our  definition  of  alkaloids  had  to  be  limited  to 
four  words,  we  might  call  them  complicated  poisonous  plant  bases. 
From  this  definition  there  can  at  once  be  deduced  one  or  two 
chemical  facts  of  practical  importance  in  therapeutics.  As  a 
result  of  their  complicated  nature  most  alkaloids,  as  free  bases, 
are  only  slightly  soluble  in  water,  although  they  dissolve  readily 
in  organic  solvents.  This  is  illustrated  by  ammoniated  tincture 
of  quinine,  an  alcoholic  solution,  from  which  quinine  is  pre¬ 
cipitated  on  pouring  into  water.  On  the  other  hand  the  salts 
of  the  alkaloids  are  soluble  in  water,  so  that  these  salts  are 
used  instead  of  the  free  bases,  particularly  for  hypodermic 
injection,  e.g.  atropine  sulphate,  cocaine  hydrochloride,  hyoscine 
hydrobromide.  The  particular  salt  used  is  chosen  in  each  case 
for  its  ready  solubility,  stability  and  capacity  of  yielding  pure 
crystals.  The  alkaloids  are  precipitated  from  the  solutions  of 
their  soluble  salts,  not  only  by  alkalies,  but  by  a  variety 
of  reagents,  which  may  be  used  for  their  detection.  Thus 
potassium  mercuric  iodide  (which  in  alkaline  solution,  as 
Nessler’s  reagent,  is  used  for  the  detection  of  ammonia)  forms 
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in  acid  solution  insoluble  double  salts  with  alkaloids,  and 
provides  a  very  delicate  test  for  these  bases. 

Since  alkaloids  have  a  rather  high  molecular  weight,  they 
are  also  precipitated  by  tannin  (see  p.  191).  Hence  tannin  is 
an  antidote  in  those  cases  of  poisoning,  where  the  alkaloid 
(taken  by  the  mouth)  is  still  in  the  stomach  ;  precipitation  by 
tannin  is  preferable  to  precipitation  by  alkalies.  The  tannate 
must  be  removed  by  washing  out  the  stomach,  for  it  is  slowly 
decomposed.  This  decomposition  explains  the  activity  of 
insoluble  quinine  tannate,  which  is  sometimes  administered  in 
order  to  avoid  the  bitter  taste. 

A  few  further  points  of  alkaloidal  chemistry  may  be 
mentioned  here,  although  they  are  not  of  direct  medical 
importance.  Nearly  all  the  alkaloids  are  heterocyclic,  and 
derived  from  pyridine,  quinoline,  pyrrolidine,  etc.  This  may 
be  illustrated  by  the  constitutional  formula  for  nicotine,  which 
is  made  up  of  pyridine  joined  to  iV-methylpyrrolidine. 


HC 


ch2-ch2 
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HC 

c- 

-CH  CH2 

HC 

CH 

ch3 
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The  iE-methyl  group  is  common  in  plants  (and  is  probably 
derived  from  formaldehyde).  Nicotine  is  a  relatively  simple 
alkaloid,  and  one  of  the  few  which  does  not  contain  oxygen ;  it 
is  also  peculiar  in  being  a  liquid,  and  volatile  ;  the  latter  property 
accounts  for  its  occurrence  in  tobacco  smoke,  along  with  pyridine 
formed  by  its  decomposition.  There  is  an  asymmetric  carbon 
atom,  and  nicotine,  like  nearly  all  alkaloids,  is  optically  active. 

A  knowledge  of  the  constitution  of  alkaloids  has  in  some 
cases  led  to  the  preparation  of  derivatives  having  an  action, 
similar  to  that  of  the  parent  substance.  Thus  atropine  is  the 
ester  of  the  alcohol  tropine  with  tropic  acid  : 


CH2 — CH— CH2 

NCH3CHOH 
CH2— CH — CH2 

Tropine 


CH2 — CH  —  CH2  CH2OH 
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Tropic  acid. 
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Tropine  itself  has  no  mydriatic  action  (does  not  enlarge  the 
pupil),  but  this  action  has  been  found  to  be  possessed  by  its 
esters  with  certain  other  acids.  Of  these  synthetic  atropine 
analogues  mandelyl  tropine,  the  ester  of  tropine  with  mandelic 
acid,  C6H5.CHOH.COOH,  is  used  under  the  name  homatropine. 
(As  will  be  seen  it  is  a  lower  homologue,  containing  CH2  less 
than  atropine.) 

Cocaine  contains  two  ester  groupings.  It  is  hydrolysed  by 
alkali  to  methyl  alcohol,  benzoic  acid  and  ecgonine  : 


CH2— CH — CH  .  CO .  OCH3 
NCH3  CH.O.CO.C6H5 
CH2— CH— CH2 

Cocaine 
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CH2— CH — CH  .COOH 

nch3  choh 

CH2— CH— CH2 

Ecgonine. 


It  will  be  seen  that  ecgonine  is  tropinecarboxylic  acid.  The 
elucidation  of  the  constitution  of  cocaine  ultimately  led  to  the 
conclusion  that  its  local  anaesthetic  action  is  due  to  its  being 
an  ester  of  an  amino-alcohol.  Hence  a  number  of  simpler 
esters  of  this  type  have  been  introduced  into  medicine  to 
replace  cocaine,  for  instance  novocaine  or  procaine,  the 


.  COOCH2.CH2.N 


the  ester  oip- aminobenzoic  acid  with  diethylamino-ethyl  alcohol. 

Although  the  constitution  of  morphine  (Cl7H1903N)  has  only 
been  established  in  recent  years,  and  its  complete  synthesis 
appears  somewhat  remote,  a  number  of  its  derivatives  are 
employed  in  medicine.  The  molecule  contains  two  hydroxyl 
groups,  one  phenolic,  the  other  alcoholic.  Both  are  acetylated 
in  heroine,  which  is  therefore  diacetyl  morphine.  Codeine  is 
morphine  monomethyl-ether,  with  CH3  in  place  of  the  phenolic 
hydrogen ;  small  amounts  occur  in  opium,  and  codeine  is  also 
made  artificially  from  morphine.  Apomorphine  is  prepared 
from  morphine  by  the  action  of  mineral  acids,  which  in  the 
present  case  remove  a  molecule  of  water,  and  produce  a  rather 
deep-seated  change  in  the  constitution,  so  that  the  artificial 
alkaloid  has  an  action  quite  different  from  that  of  morphine, 
the  parent  substance. 

Certain  bases  occurring  in  animals  are  sometimes  spoken  of 
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as  animal  alkaloids,  but  it  is  preferable  to  restrict  the  term 
to  vegetable  products.  The  best  known  physiologically  active 
animal  base  is  adrenaline,  an  amine  related  to  the  vegetable 
alkaloid  ephedrine  (p.  200).  A  number  of  simple  amines  are 
formed  by  the  putrefactive  decarboxylation  of  amino  acids,  and 
were  at  one  time  known  as  ptomaines  (Gk .ptdma,  corpse)  ;  they 
are  not  poisonous.  So-called  ptomaine  poisoning  is  due  to 
highly  complex  bacterial  toxins.  The  name  ptomaine  had 
better  be  dropped. 

THE  PROTEINS 

The  proteins  are  the  most  complex,  the  most  varied  and  the 
most  characteristic  constituents  of  living  matter;  they  have 
therefore  been  closely  studied  by  physiologists.  An  entire 
protein  provides  a  problem  far  too  difficult  for  the  present-day 
methods  of  organic  chemistry,  which  has  mainly  confined  itself 
to  the  amino  acids  and  their  simpler  compounds,  into  which 
proteins  are  broken  up  by  hydrolysis,  brought  about  by  enzymes, 
by  acids  and  by  alkalis.  Organic  chemists  have  further  been 
able  to  suggest  the  manner  in  which  these  amino  acids  are 
joined  together  and  have  built  up  small  fragments  of  protein, 
the  synthetic  polypeptides.  An  indication  of  their  constitution 
has  already  been  given  (p.  143)  with  the  aid  of  the  two  simplest 
amino  acids,  glycine  and  alanine. 

The  complexity  and  variety  of  the  proteins  depend  on  the 
fact  that  some  twenty  different  amino  acids  may  enter  into  their 
constitution ;  this  is  in  contrast  to  the  polysaccharides  which 
are  all  built  up  from  a  few  sugars  only,  and  the  fats  which  are 
derived  from  glycerol  and  a  few  fatty  acids. 

The  following  is  a  list  of  those  amino  acids  of  protein  which 
have  been  well  characterised  : 


Glycine 

Alanine 

Valine  . 
Leucine 
Isoleucine 


CH2(NH2)COOH 

CH3.CH(NH2)COOH 

f  HS>CH .  CH(NH2)COOH 
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Norleucine. 

Aspartic  acid 
Glutamic  acid 
Hydroxyglutamic  acid. 
Serine 

Proline 

Hydroxyproline  . 


CH3 .  CH2 .  CH2 .  CH2 .  CH(NH2)COOH 
HOOC .  CH2 .  CH(NH2)COOH 
HOOC .  CH2 .  CH2 .  CH(NH2)COOH 
HOOC .  CH2 .  CHOH  .  CH(NH2)COOH 
CH2OH .  CH(NH2)COOH 

ch2.ch2. 


CHo.NH 


>CH . COOH 


HOCH .  CH2 

ch2.nh 


>CH . COOH 


Phenylalanine 
^Tyrosine  . 

^Tryptophane 


^Lysine 

Arginine 

*Histidine  . 

*Cystine 

Methionine 


C6H5 .  CH2 .  CH(NH2)COOH 
HO<Z>  •  CH2 .  CH(NH2)COOH 
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.CH2.CH(NH)2COOH 
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NH2.C(:NH)NH.  CH2.  CH2.CH2.  CH(NH2)COOP 
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.CH2.CH(NH2)COOH 

HOOC .  CH(NH2) .  H2CS .  SCH2 .  CH(NH2) .  COOP 
CH3 .  S .  CH2 .  CH2 .  CH(NH2)COOH 


The  amino  acids  of  greatest  biological  importance  are 
indicated  by  an  asterisk.  This  list  is  merely  given  to  emphasise 
the  enormous  number  of  structural  possibilities  which  result 
when  a  few  hundred  amino  acid  molecules  of  so  many  different 
kinds  are  built  into  a  protein  molecule.  Whilst  the  structure  of 
not  a  single  protein  is  known,  the  number  of  proteins  in  nature 
doubtless  exceeds  that  of  all  compounds  of  known  chemical 
constitution. 

All  the  amino  acids  of  protein  are  a-derivatives,  and  with 
the  exception  of  glycine  all  can  exist  in  two  optically  active 
forms,  only  one  of  which  occurs  in  nature.  A  few  contain  a 
second  asymmetric  carbon  atom.  With  the  exception  of  glycine 
which  is  a  lower  homologue,  and  of  proline  and  hydroxyproline 
which  have  no  amino  group,  all  the  above  substances  are 
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derivatives  of  alanine.  In  a  few  a  hydrogen  atom  of  the 
/3-carbon  atom  is  merely  replaced  by  an  alkyl  group.  The 
most  abundant  and  best  known  of  these  alkyl  alanines  is 
leucine  or  a-amino  isocaproic  (isohexoic)  acid  ;  it  was  one  of 
the  first  amino  acids  to  be  obtained  from  protein  and  is  the 
source  of  iso-amyl  alcohol,  a  constituent  of  fusel  oil  formed  in 
alcoholic  fermentation.  Iso-amyl  alcohol,  which  is  optically 
inactive,  is  accompanied  by  an  optically  active  isomeride,  sec. 
butyl  carbinol,  derived  from  the  amino  acid  isoleucine.  Unlike 
ethyl  alcohol,  the  amyl  alcohols  of  fusel  oil  are  therefore  not 
formed  from  glucose  but  from  the  protein  of  yeast. 
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We  next  come  to  a  group  of  mono-amino  dicarboxylic  acids 
of  which  aspartic  and  glutamic  are  the  best  known.  Aspartic 
acid  is  aminosuccinic,  HOOC  .  CH(NH2)CH2 .  COOH.  It  has 
a  sour,  not  a  sweet  taste.  The  second  carboxyl  confers  distinct 
acidic  properties  on  the  molecule  and  is  converted  into  an  amide 
in  asparagine,  HOOC  .  CH(NH2) .  CH2 .  CONH2,  a  substance 
occurring  in  many  plants,  e.g.  in  asparagus.  By  the  action  of 
nitrous  acid  aspartic  is  converted  into  /-malic  acid. 


NH2 .  CH  .  COOH  HO .  CH  .  COOH 

|  +HONO  =  |  +H20  +  N2 

ch2.cooh  ch2.cooh 

Glutamic  acid,  HOOC  .  CH(NH2)CH2  .  CH2  .  COOH,  is 
a-aminoglutaric,  therefore  a  homologue  of  aspartic.  It  is  par¬ 
ticularly  abundant  in  a  wheat  protein.  A  few  amino  acids  are 
hydroxy  derivatives  ;  thus  serine  (from  silk)  is  hydroxyalanine, 
HOCH2  .  CH(NH2)COOH.  Tyrosine  is  /-hydroxyphenyl- 
alanine. 

The  cyclic  amino  acids  are  among  the  most  important,  and 
have  already  been  discussed  in  previous  sections.  The  benzene 
nucleus  is  present  in  phenylalanine,  tyrosine  and  tryptophane, 
which  all  give  the  xanthoproteic  reaction  with  nitric  acid,  due 
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to  the  formation  of  aromatic  nitro  compounds.  In  proline  and 
histidine  a  heterocyclic  ring  is  present,  in  tryptophane  both  a 
heterocyclic  and  a  benzene  ring. 

Three  amino  acids  have  two  basic  groups  and  only  one 
carboxyl.  These  are  lysine,  arginine  and  histidine.  In 
lysine,  NH2.CH2.CH2.CH2. CH2.CH(NH2)COOH, a-e-diamino- 
caproic  acid,  the  second  basic  group  is  simply  an  amino 
group  attached  to  the  terminal  carbon  atom.  In  arginine 
(already  dealt  with,  p.  162)  it  is  the  strongly  basic  guanidine 
residue.  Arginine  is  <Tguanidino-a-aminovaleric  acid  and  is 
hydrolysed  by  the  arginase  of  the  liver  into  urea  and  a-S- 
diaminovaleric  acid,  a  lower  homologue  of  lysine : 

HN 

\c.NH.CH2.CH2.CH2.CH(NHs)COOH  +  h2o 

h2n 

h2n 

bco  +  NH2.CH2.CH2.CH2.CH(NH2)COOH 

h2n 

Histidine  contains  as  second  basic  group  the  glyoxaline  ring  : — 

CH 

N  NH 

1  1 

HC  =  C.CH2.CH(NH2)COOH 

Lysine,  arginine  and  histidine  are  all  distinctly  basic  and  form 
stable  salts  with  mineral  acids ;  since  they  all  contain  six 
carbon  atoms  they  are  known  as  the  hexone  bases. 

The  sulphur  of  protein  is  largely  contained  in  the  amino 
acid  cystine,  which  still  requires  special  consideration.  It  is 
present  to  a  small  extent  in  nearly  all  proteins,  and  is 
particularly  abundant  in  the  keratin  of  horn,  hair,  feathers,  etc. 
When  these  are  hydrolysed  by  concentrated  hydrochloric  acid, 
cystine  is  readily  isolated  on  account  of  its  slight  solubility  in 
water ;  cystine  and  tyrosine  are  the  two  least  soluble  amino 
acids. 

This  slight  solubility  is  due  to  cystine  being,  as  it  were,  a 
double  amino  acid ;  reduction,  for  instance  with  zinc  dust  and 
acetic  acid,  converts  it  into  the  readily  soluble  cysteine,  or 
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/5-thiol  alanine,  i.e.,  alanine  in  which  a  /5-hydrogen  atom  (as 
in  so  many  amino  acids)  is  replaced,  in  this  case  by  the  thiol 
or  sulphydryl  group  -SH.  Cysteine  is  therefore  the  sulphur 
analogue  of  serine,  andhas  the  formula  HSCH2.  CH(NH2)COOH ; 
it  is  readily  reconverted  into  cystine,  for  instance  by  atmospheric 
oxygen : 

HOOC.CH(NH2).CH2.SH  +0  HOOC.CH(NH2).CH2.S 

—  I 

HOOC.CH(NH2).CH2.SH  +2h  HOOC.CH(NH2).CH2.S 

Cysteine  Cystine. 

Cystine  is  easily  recognised  by  its  characteristic  crystalline  form 
(regular  six-sided  plates)  and  by  the  fact  that  on  boiling  with  a 
solution  of  lead  hydroxide  in  excess  of  caustic  soda  a  brownish 
or  black  precipitate  of  lead  sulphide  is  formed.  Cysteine,  which 
is  a  substituted  hydrogen  sulphide,  or  mercaptan,  further  gives 
with  sodium  nitroprusside  and  ammonia  the  reddish  purple 
coloration  characteristic  of  sulphides.  Putrefactive  bacteria 
acting  on  cystine,  first  reduce  it  to  cysteine,  and  then  to 
hydrogen  sulphide  (smell  of  rotten  eggs ;  presence  of  hydrogen 
sulphide  in  the  intestine).  After  cystine  has  been  absorbed 
by  the  body  it  is  completely  oxidised,  and  its  sulphur  appears 
in  the  urine  as  sulphate.  In  the  rare  disease  cystinuria  the 
organism  is  incapable  of  this  oxidation,  so  that  the  very 
sparingly  soluble  amino  acid  separates  in  the  urine  and  forms 
“stones”  in  the  kidney  and  bladder.  Here  it  was  first  observed 
(Gk.  kustis ,  bladder). 

The  various  amino  acids  which  have  been  mentioned  are 
of  very  unequal  physiological  importance.  Glycine  does  not 
occur  in  the  milk  proteins  caseinogen  and  lactalbumen,  so  that 
it  cannot  be  of  great  importance  for  the  nutrition  of  young 
animals.  We  have,  moreover,  seen  that  the  organism  sacrifices 
glycine  when  it  converts  benzoic  acid  into  hippuric.  It  seems 
also  established  that  the  animal  organism  can  turn  out  more 
glycine  than  it  receives  in  its  food,  so  that  it  must  be  able  to 
make  glycine,  probably  from  other  amino  acids. 

Some  of  these  amino  acids  are,  however,  essential  and 
irreplaceable.  This  of  course  applies  to  those  containing 
sulphur,  in  particular  to  cystine.  Histidine  has  been  shown  to 
be  essential  for  the  formation  of  purines,  and  must  be  supplied 
in  the  food,  for  the  animal  organism  appears  to  be  incapable 
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of  building  up  a  glyoxaline  ring.  The  same  is  true  of  the 
benzene  ring  present  in  adrenaline,  thyroxine,  etc. ;  here  it 
seems,  however,  that  phenylalanine  can,  to  some  extent,  replace 
tyrosine  and  be  converted  into  the  latter.  Tryptophane,  with 
its  indole  nucleus,  is  also  essential,  and  the  same  applies  to  the 
purely  aliphatic  amino  acid  lysine.  The  importance  of  the 
essential  amino  acids  has  been  established  by  feeding  animals 
on  proteins  deficient  in  one  or  more  of  them.  Thus  gelatin 
lacks  tyrosine  and  tryptophane ;  zein,  the  chief  protein  of 
maize,  contains  no  tryptophane  and  no  lysine. 

The  way  in  which  the  amino  acids  have  been  joined 
artificially  to  form  peptides  has  already  been  discussed  (p.  143) 
and  reasons  have  been  given  why  proteins  are  assumed  to  be 
built  up  on  the  same  plan.  This  plan  may  once  more  be 
illustrated  here  by  the  formula  of  glutathione,  a  tripeptide 
occurring  as  such  in  yeast,  muscle  and  other  tissues.  It  is 
glutamylcystylglycine,  of  which  the  reduced  form,  corresponding 
to  cysteine,  has  the  formula  : — 

HOOC .  CH(NH2)CH2 .  CH2 .  CO— NH .  CH .  CO— NH .  CH2 .  COOH 

ch2 

SH 

Glutamyl  Cysteyl  Glycine. 


Th  is  illustrates  the  way  in  which  amino  acids  are  linked  up 
to  form  amides,  and  also  the  complication  which  may  arise 
in  the  case  of  a  dicarboxylic  acid,  where  there  is  a  choice  of 
carboxyl  groups.  Whether  the  hydroxyl  of  hydroxyamino 
acids  takes  any  part  in  coupling  is  doubtful,  and  the  terminal 
amino  group  in  lysine  appears  to  be  free.  It  has  been  suggested 
that  in  protein  two  amino  acids  are  sometimes  doubly  linked, 
to  form  a  cyclic  diamide. 

CO  .NH 

/  \ 

CHg.CH  CH.CH3 

\  / 

NH.CO 

The  above  so-called  diketopiperazine  (p.  219)  may  serve  as 
an  example  and  can  be  formed  from  two  molecules  of  alanine, 
by  loss  of  two  molecules  of  water. 
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The  most  complicated  polypeptide  ever  synthesised  con¬ 
tained  nineteen  amino  acid  residues  but  these  were  of  two 
kinds  only  :  glycine  and  leucine.  It  may  be  represented  by 
the  following  scheme  in  which  L  and  G  are  respectively 
leucyl  and  glycyl  groups  minus  one  hydrogen  atom  of  the 
amino  group. 

H.L.G.G.G.L.G.G.G.L.G.G.G.L.G.G.G.G.G.G.OH. 
This  polypeptide  C54H91N19O20  has  a  molecular  weight  of 
1326,  is  sparingly  soluble  in  cold  water,  and  is  salted  out  by 
saturating  its  solution  with  ammonium  sulphate,  as  are  the 
more  complicated  products  of  protein  digestion  (albumoses). 
The  substance  is  amorphous  and  its  solution  froths.  Much 
simpler  peptides,  e.g.  diglycylglycine,  already  give  the  biuret 
reaction  for  protein  ;  a  prototype  of  this  reaction  was  discussed 
on  p.  155.  It  depends  on  the  presence  of  at  least  two  -CO-NH 
groups  in  the  molecule. 

1  1 

NH2 .  CH2 .  CO .  NH .  CH2 .  CO .  NH .  CH2 .  COOH 

Diglyey]  glycine. 

NH2.CO.NH.CO.NH2 

Biuret. 

The  reaction  is  best  carried  out  by  adding  very  little  copper 
sulphate  to  the  protein  solution,  and  then  cautiously  pouring  con¬ 
centrated  sodium  hydroxide  down  the  side  of  the  test  tube  so  as 
to  form  a  separate  lower  layer.  At  the  junction  of  the  two  layers 
a  purple  zone  is  formed,  if  a  protein  or  peptide  is  present.  The 
colour  is  not  quite  identical  with  the  pink  obtained  from  biuret. 

Free  amino  acids  do  not  give  this  reaction,  which  may 
therefore  be  used  to  ascertain  whether  digestion  of  a  protein 
is  complete.  Whilst  a  protein  or  complicated  peptide  contains 
a  very  small  proportion  of  free  carboxyl  groups,  this  reaches 
a  maximum  on  complete  digestion.  The  course  of  the 
hydrolysis  may  be  followed  by  titration  with  alkali,  for  which 
purpose  the  basic  properties  of  the  amino  group  must  first  be 
abolished.  This  is  achieved  by  addition  of  a  solution  of 
formaldehyde,  which  combines  with  free  amino  groups  (so-called 
formol  titration).  In  the  case  of  glycine  the  compound  may 
be  represented  thus  : 

CH20  +  H2N.CH2.C00H  =  CH2:N.CH2.C00H  +  H20 
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The  fact  that  formaldehyde  combines  with  the  amino  groups 
of  protein  limits  its  use  as  a  food  preservative  (it  is  mostly 
forbidden),  and  is  used  in  the  manufacture  of  plastic  substances 
from  the  casein  of  milk.  In  addition  to  estimating  the  free 
carboxyl  groups  in  a  protein  digest  by  titration,  the  free  amino 
groups  may  be  estimated  from  the  volume  of  nitrogen  given  off 
with  nitrous  acid,  according  to  the  equation  on  p.  136  (method 
of  Van  Slyke). 

The  general  reactions  of  the  proteins  depend  : 

(1)  On  their  high  molecular  weight  and  colloidal  nature, 
causing  coagulation  and  precipitation  by  neutral  salts,  alcohol, 
tannin,  etc. 

(2)  On  the  basic  character  of  the  units,  causing  precipitation 
by  alkaloidal  reagents,  picric  acid,  sulphosalicylic  acid,  hydro- 
ferrocyanic  acid,  trichloracetic  acid,  potassium  mercuric  iodide, 
phosphotungstic  acid,  etc.  Potassium  ferrocyanide  +  acetic 
acid,  and  sulphosalicylic  acid  are  used  for  the  detecting  of 
protein  in  urine,  picric  acid  for  its  quantitative  estimation. 

(3)  On  the  detection  of  particular  groups  by  colour  reactions. 
The  biuret  reaction  (p.  231)  reveals  the  presence  of  several 
CO-NH  groups,  the  xanthoproteic  reaction  (p.  197)  that  of  an 
aromatic  nucleus,  Millon’s  reaction  (p.  197)  that  of  tyrosine, 
lead  hydroxide  that  of  cystine  (p.  229),  the  glyoxylic  reaction 
that  of  tryptophane  (p.  210),  Molisch’s  reaction  (a-naphthol  + 
concentrated  sulphuric  acid)  that  of  carbohydrate  complexes 
(eg.  glucosamine,  p.  137).  When  any  particular  constituent  is 
absent,  e.g.  in  gelatine,  the  corresponding  reaction  is  negative. 

Whilst  it  is  impossible  to  isolate  in  the  pure  state  any 
considerable  fragment  of  a  protein  molecule  from  a  partially 
digested  mixture  of  proteoses  and  peptones,  the  much  more 
complicated  intact  protein  may  in  many  cases  be  crystallised. 
This  remarkable  behaviour  doubtless  depends  on  the  circum¬ 
stance  that  it  is  unaccompanied  by  substances  of  similar 
solubilities,  which  abound  in  a  partially  digested  protein.  Thus 
each  species  of  animal  has  only  one  red  colouring  matter  in 
its  blood  corpuscles,  and  in  some  this  haemoglobin  may  be 
crystallised  with  comparative  ease.  It  will  serve  to  give  us 
some  idea  of  the  complexity  of  proteins,  for  haemoglobin  is 
peculiar  in  containing  about  0-35  per  cent,  of  iron.  Since  the 
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atomic  weight  of  iron  is  5 6,  the  equivalent  weight  of  haemoglobin 

56 


must  be  approximately 


o-35 


X  100  =  16,000.  One  gram  of 


haemoglobin  can  combine  loosely  with  1-34  c.c.  of  oxygen,  so 


that  a  gram  molecule  of  oxygen  is  carried  by  — 1 -  =  16,400 

^  3  4 

grams  of  haemoglobin,  the  same  amount  which  contains  one 
gram  atom  of  iron. 

The  equivalent  weight  is  therefore  on  both  counts  about 
16,000.  A  determination  of  the  molecular  weight  by  the 
freezing  point  method  is  impossible,  since  the  depression  is  far 
too  small  to  be  measured.  The  osmotic  pressure,  even  of  a 
dilute  solution,  reveals  itself,  however,  by  a  measurable  column 
of  water,  and  by  this  and  other  physical  methods  the  molecular 
weight  has  been  found  to  be  about  64,000  or  four  times  the 
equivalent  weight.  We  can  now  form  an  idea  of  how  many 
amino  acid  residues  such  a  molecule  contains.  The  amount 
of  sulphur  is  about  0-6  per  cent,  or  0-6x640  =  384,  which 
corresponds  to  12  atoms  of  sulphur,  or  six  molecules  of  cystine. 
In  the  case  of  other  amino  acids  the  estimate  can  only  be  a 
rough  one ;  the  percentage  of  nitrogen  in  haemoglobin  is  about 
16-5,  which  corresponds  to  something  like  750  nitrogen  atoms. 
Allowing  for  the  known  content  of  diamino  acids  (lysine  with 
two  nitrogen  atoms,  histidine  with  three  and  arginine  with  four 
nitrogen  atoms)  and  also  for  four  pyrrole  nuclei  associated  with 
each  atom  of  iron,  we  can  compute  that  the  total  number  of 
amino  acid  residues  is  in  the  neighbourhood  of  580.  Even  if 
we  were  to  neglect  physical  methods  and  put  the  molecular 
weight  equal  to  the  equivalent,  there  would  be  about  145  amino 
acid  residues  in  the  molecule. 

In  the  case  of  several  other  pure  proteins  the  molecular 
weight,  determined  by  physical  means  only,  amounts  to  about 
34,000,  which  implies  something  like  300  amino  acid  residues. 
These  figures  have  merely  been  calculated  to  give  an  impression 
of  the  enormous  variation  which  is  possible  in  the  constitution 
of  the  proteins,  particularly  because,  in  building  them  up,  the 
organism  has  some  twenty  amino  acids  at  its  disposal.  The 
arrangement  and  the  number  of  the  constituents  can  be  modified 
indefinitely,  in  a  way  altogether  different  from  that  which  is 
possible  with  carbohydrates  and  with  fats.  This  enormous 
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capacity  for  variation  is,  however,  necessary,  since  each  of  the 
hundreds  of  thousands  of  living  species  must  be  presumed  to 
have  one  or  more  proteins  on  which  its  individuality  depends. 
The  species  is  primarily  characterised  by  its  proteins,  and 
they  are  the  chief  basis  of  immunology.  The  diagnosis  and 
treatment  of  many  diseases  due  to  micro-organisms  depend  on 
the  fact  that  these  organisms  all  have  their  peculiar  protein. 
The  forensic  identification  of  a  blood  stain  is  likewise  based 
on  the  difference  between  the  blood  proteins  of  animals. 
Related  species  may  have  very  similar  proteins ;  thus  the 
caseinogen  of  the  sheep  is  very  similar  to  that  of  the  cow,  the 
egg  albumin  of  the  hen’s  egg  closely  resembles  that  of  the 
duck;  chemical  analysis  may  reveal  no  difference;  yet  in  these 
cases  it  has  been  shown  that,  even  if  the  amino  acids  should 
be  identical,  they  are  arranged  differently.  As  an  example, 
in  hen’s  albumin,  the  leucine  is  mostly  in  the  middle  of  a  chain, 
in  duck’s  albumin  it  mostly  occupies  a  terminal  position.  The 
latter  protein  does  not  contain  any  terminal  aspartic  acid,  the 
former  has  no  histidine  at  the  end  of  a  chain.  Immunologically 
these  two  very  similar  proteins  have  also  been  shown  to  be 
quite  distinct,  by  their  effect  when  injected  into  guinea-pigs. 
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Under  this  heading  we  will  discuss  a  number  of  widely 
different  substances  which  have  only  this  in  common,  that  they 
are  extracted  from  the  tissues  by  fat  solvents,  particularly  by 
alcohol  and  ether.  In  their  solubilities  these  substances  are 
therefore  fat-like,  or  lipoid  (Gk.  lipos ,  fat,  grease).  Sometimes 
the  term  is  used  in  a  restricted  sense,  and  sometimes  it  is 
replaced  by  “lipin.”  Here  it  is  merely  employed  to  assemble 
a  number  of  important  compounds  not  hitherto  dealt  with. 
Lecithine  is  the  most  common  example  of  a  group  of  fat-like 
substances  containing  phosphorus,  the  so-called  phosphatides, 
which  occur  especially  in  nervous  tissue  (the  brain)  and  in 
egg  yolk  (Gk.  lekithos).  On  complete  hydrolysis  lecithine 
yields  two  molecules  of  fatty  acid,  and  one  each  of  glycerol, 
phosphoric  acid  and  choline.  Choline  is  a  base  which  was  first 
obtained  from  bile  (Gk.  khole)  and  has  the  constitution 

/CH3 

hoch2.ch2.n<-ch3 
“  oxch3 

H 

It  is  therefore  both  an  alcohol  and  a  quaternary  (ammonium) 
base.  It  is  ammonium  hydroxide  in  which  three  hydrogen 
atoms  have  been  replaced  by  methyl  groups,  and  the  fourth 
by  the  hydroxy-ethyl  group  HO.CH2.CH2;  hence  it  is  tri¬ 
methyl  hydroxy-ethyl  ammonium  hydroxide.  Choline  chloride 
has  the  formula  HOCH2 .  CH2 .  N(CH3)3C1.  By  mild  hydrolysis 
of  lecithine,  the  fatty  acid  residues  and  the  choline  are  split  off, 
but  the  glycerol  remains  attached  to  the  phosphoric  acid  as 
glycero-phosphoric  acid,  which  (p.  73)  has  been  shown  to  have 
the  following  constitution. 

H 

HC.OH 

HC.OH 
I  /OH 

HC.O.P7 
H  6  X°H 
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In  lecithine  the  two  molecules  of  fatty  acid  are  attached  to  the 
glycerol,  as  in  the  fats,  and  the  phosphoric  acid  forms  an  ester 
with  the  alcohol  choline.  Lecithine  thus  has  a  formula  of  the 
following  type : 


H  ° 

HC — O .  C .  Cl7H35 


O 

HC — O .  C .  Cl7HS3 

|  /OH 

HC— O .  P< 

H  o  X°  •  CH0 .  CH2 .  N(CH3)3OH 


The  fatty  acid  residues  are  at  least  partially  unsaturated.  This 
is  illustrated  in  the  above  formula  by  one  oleyl  group.  On  this 
account  lecithine  oxidises  readily  on  exposure  to  air  and  the 
waxy  substance  which  is  at  first  yellowish-white,  becomes  dark 
brown.  Lecithine  is  most  abundant  in  egg  yolk  (io  per  cent.) 
and  occurs  also  in  many  other  tissues.  Putrefactive  bacteria 
hydrolyse  it  and  then  decompose  the  choline  to  trimethylamine  ; 
this  is  the  reason  why  the  latter  amine  occurs  in  herring  brine, 
for  instance. 

Lecithine,  like  the  fats,  is  saponified  by  alkalies,  but  there 
are  other  substances  associated  with  the  fats,  and  extracted 
along  with  them,  which  are  not  hydrolysed.  The  chief 
unsaponifiable  constituent  of  crude  fat  is  the  alcohol  cholesterol, 
C27H45OH,  which,  as  its  name  indicates,  was  discovered  in  bile 
(like  choline).  Gallstones  usually  consist  almost  entirely  of 
cholesterol  and  are  the  most  convenient  source  of  the  substance, 
which  further  occurs  in  small  quantity  in  the  blood  and  tissues  ; 
there  is  most  in  nervous  tissue. 

The  substance  is  a  monohydric  alcohol ;  if  it  were  simply 
a  homologue  of  ethyl  alcohol,  belonging  to  the  series 
CnH2ft+iOH,  its  formula  would  be  C27IT55OH.  Thus  there  is  a 
deficit  of  ten  hydrogen  atoms.  Now  cholesterol  adds  readily 
only  two  bromine  atoms,  so  that  the  molecule  contains  but  one 
double  bond,  accounting  only  for  two  of  the  absent  hydrogen 
atoms.  The  shortage  of  the  other  eight  must  be  explained  in 
a  different  way.  There  are  two  types  of  substances  of  the 
formula  C6H12.  One  is  unsaturated  and  derived  from  hexane, 
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C6H14,  by  the  introduction  of  a  double  bond ;  the  other,  a 
saturated  substance,  has  the  ends  of  the  carbon  chain  joined 
so  as  to  form  a  ring.  Both  hexylene  and  cyclohexane 
(=  hexahydrobenzene)  have  the  formula  C6H12.  We  conclude, 
therefore,  that  the  formula  C27H45OH  implies  the  presence  of 
four  rings  in  cholesterol,  in  addition  to  the  one  double  bond. 
This  hydroaromatic  structure  is  of  a  type  which  we  have  not 
yet  encountered  among  natural  products;  it  is  frequent  among 
the  terpenes,  the  constituents  of  essential  oils  (i.e.  oils  which 
cannot  be  saponified),  such  as  oil  of  eucalyptus,  oil  of  turpentine 
and  solids  like  camphor  and  menthol. 

The  hydroaromatic  substances  of  greatest  biological  interest 
are  cholesterol  and  other  related  alcohols  (sterols)  in  animals 
and  plants,  from  which  a  number  of  important  substances  (bile 
acids,  hormones,  vitamins,  heart  poisons,  saponins)  are  derived. 
Cholesterol  has  the  following  constitution  : 


H2.CH3 


H< 

Hr,  CH. 


/\ 

H 

c 

H 

v  / 

D 

HOH 


ch3 

CH— CH2— CH2— CH2— CH 


There  are  the  four  rings  with  a  secondary  alcohol  group  in 
ring  A,  a  double  bond  in  ring  B  and  a  side  chain  attached  to 
ring  D.  We  can  readily  understand  that  a  substance  of  this 
type,  with  only  one  hydroxyl  group  in  a  large  molecule,  is 
soluble  in  fat  solvents  and  a  “  lipoid.”  Like  the  fats  it  is 
insoluble  in  water,  but  cholesterol  and  its  derivatives  have 
a  peculiar  capacity  for  forming  emulsions  with  water.  Lanolin 
or  wool  “fat”  is  composed  mainly  of  cholesteryl  palmitate  and 
stearate,  and,  unlike  the  glycerides  tripalmitin  and  tristearin, 
allows  a  considerable  quantity  of  water  to  be  incorporated  in  it ; 
hence  lanolin  is  much  used  for  ointments. 

The  capacity  to  emulsify  fats,  which  is  of  the  utmost  import¬ 
ance  in  digestion,  is  possessed  in  a  large  degree  by  the  bile 
which  contains  (along  with  cholesterol)  the  sodium  salts  of  the 
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bile  acids ;  these  salts  greatly  lower  the  surface  tension  of 
water  and  so  favour  emulsification  of  fat.  The  chief  bile  acids 
are  glycocholic  and  taurocholic  ;  both  are  amides,  yielding  on 
hydrolysis  an  amino-derivative  and  cholic  acid,  C24H40O5,  which 
is  closely  related  to  cholesterol  (Gk.  khole ,  bile). 

In  the  case  of  glycocholic  acid  the  amino-derivative  is 
glycine;  glycocholic  acid  is  therefore  choloylglycine  (analogous 
to  benzoylglycine  or  hippuric  acid,  p.  175). 

4 

C23H3903 .  CO .  NH .  CH2 .  COOH  C6H5 .  CO .  NH .  CH2 .  COOH 

Glycocholic  acid  Hippuric  acid. 


Taurocholic  acid  in  ox  bile  is  hydrolysed  to  cholic  acid  and 
taurine  (Gk.  tauros ,  bull),  or  amino-ethyl  sulphonic  acid, 
NH2.  CH2.  CH2 .  S03H,  an  oxidation  product  of  cystine  (cf. 
pp.  100  and  228).  Hence  taurocholic  acid  is 

C23H3903 .  CO .  NH .  CH2 .  CH2 .  S03H 


Cholic  acid  has  the  constitution  : 


HO  CH3 


ch3 

CH—  CH2—  CH2— COOH 


The  close  relationship  of  this  bile  acid  to  cholesterol  (from 
which  it  is  probably  derived  in  the  body)  is  evident  and  with  it 
is  connected  the  power  of  both  substances  to  emulsify  and  form 
colloidal  solutions  in  water.  Sodium  desoxycholate,  another 
bile  salt,  will  dissolve  a  soap  jelly  to  a  clear  solution  and  even 
clarify  a  milky  suspension  of  naphthalene  in  water.  Hence 
this  salt  is  sometimes  used  to  prepare  solutions  of  otherwise 
insoluble  drugs  for  purposes  of  injection. 

It  should  not  be  thought  that  the  bile  salts  themselves  are 
lipoids,  even  in  the  widest  sense  of  the  term  ;  they  are  merely 
mentioned  here  on  account  of  the  structural  relationship  of 
cholic  acid  to  cholesterol.  In  the  former  the  side  chain  of  the 
latter  has  been  shortened  by  three  carbon  atoms ;  this  process 
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of  shortening  is  continued  in  a  number  of  important  sex 
hormones.  In  progesterone,  the  hormone  of  the  corpus  luteuin , 
the  side  chain  has  been  reduced  to  —  CO.CH3  and  in 
testosterone,  the  hormone  of  the  testis,  and  oestrol,  the 
hormone  of  the  ovary,  the  side  chain  has  disappeared  completely 


6  testosterone  C19H2802  ?  oestrol  C18H2402 


and  is  replaced  by  a  hydroxyl  group  (compare  the  formation 
of  /3-hydroxy  indole  from  tryptophane,  p.  21 1).  In  the  female 
hormone  ring  A  has  become  aromatic,  entailing  the  loss  of  a 
methyl  group  in  the  angle  between  rings  A  and  B.  CEstrol 
is  therefore  a  phenol,  as  well  as  a  secondary  alcohol.  These 
hormones  are  present  in  minute  amounts  in  the  sex  glands 
and  are  very  active  physiologically ;  they  have  not  yet  been 
synthesised,  but  can  be  obtained  artificially  from  certain 
vegetable  sterols,  related  to  cholesterol.  Another  group 
of  powerful  pharmacological  agents,  the  heart  poisons  of 
Digitalis ,  Strophanthus  and  other  plants,  are  glucosides  of 
sterol  derivatives  with  23  carbon  atoms  ;  here  the  cholesterol 
side  chain  has  lost  four  carbon  atoms,  instead  of  three,  as  in 
cholic  acid. 

Ergosterol  and  Vitamin-D. — It  had  been  known  for  some 
time  that  rickets,  a  disease  consisting  in  an  insufficient  deposition 
of  calcium  in  the  bones,  can  be  treated  (a)  by  administration 
of  certain  fats,  particularly  cod  liver  oil ;  (b)  by  exposure  of  the 
patient  to  ultraviolet  light.  These  two  very  different  and 
apparently  unconnected  methods  of  treatment  (which  gave  rise 
to  much  controversy)  were  connected  and  reconciled  by  the 
discovery  that  the  antirachitic  properties  of  the  food  are  greatly 
increased  by  exposing  it  to  ultraviolet  light  (irradiation).  The 
constituent  of  the  food  so  affected  was  soon  traced  to  crude  fat, 
then  to  the  unsaponifiable  portion  thereof,  and  was  at  first 
considered  to  be  cholesterol.  Really  pure  cholesterol  was, 
however,  found  not  to  acquire  antirachitic  potency  by  irradia- 
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tion;  the  antirachitic  substance,  which  was  called  vitamin-D, 
was  ultimately  found  to  be  a  transformation  product  of  a 
more  highly  unsaturated  sterol,  C28H43OH,  which  accompanies 
cholesterol  in  small  quantity  in  animals,  and  predominates  in 
fungi ;  originally  discovered  in  the  ergot  fungus,  it  was  named 
ergosterol ;  it  probably  has  the  constitution, 


HO 


Ergosterol. 


Solutions  of  this  substance  in  an  organic  solvent,  when  exposed 
to  the  ultraviolet  light  of  a  mercury  vapour  lamp,  are  partially 
converted  into  a  number  of  isomerides,  one  of  which  has  received 
the  name  calciferrol  or  “  lime  carrier  ”  on  account  of  its  very 
powerful  antirachitic  action.  Hence  preparations  of  crude 
irradiated  ergosterol  (from  yeast  fat)  have  been  introduced  as 
substitutes  for  the  antirachitic  vitamin-D  of  cod  liver  oil. 
Calciferrol  does  not  seem  to  be  identical  with  the  natural 
vitamin,  but  the  two  are  very  similar  and  extremely  potent  in 
preventing  rickets.  Calciferrol  is  400,000  times  as  active  as  a 
good  cod  liver  oil  and  1  oz.  would  be  the  daily  ration  for  a 
million  children.  The  daily  dose  which,  added  to  an  otherwise 
insufficient  diet,  protects  a  rat  from  rickets,  is  measured  in 
small  fractions  of  y  =  0001  mg.  (so  named  in  analogy  to 
fx  =  o-ooi  mm.). 

The  so-called  vitamins  are  a  group  of  “  accessory  food 
factors”  (Hopkins),  i.e.  accessory  to  fats,  carbohydrates  and 
proteins  which  supply  energy ;  vitamins  may  be  compared  to 
catalysts.  They  are  present  in  the  food  in  minute  amounts 
and  were  inappropriately  named  on  the  erroneous  assumption 
that  they  are  amines.  We  have  just  seen  that  the  “  vitamin  ”-D 
does  not  even  contain  nitrogen,  and  is  a  lipoid.  The  same 
applies  to  vitamin-A  (growth  promoting)  and  vitamin-E 
(antisterility) ;  the  latter  seems  to  be  a  sterol  derivative  like 
vitamin-D. 

Vitamin-A,  essential  for  the  growth  of  young  animals,  occurs 
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in  egg  yolk,  milk  fat,  and  in  certain  fish  liver  oils  ;  it  has  the 
constitution 


CHS  CH3 

I  I 

CH— C  =  CH— CH  =  CH— C  =  CH— CH,OH 

H2C  C— CHs 


and  is  formed  from  the  orange-yellow  pigment  carotene, 
a  hydrocarbon  C40H56.  The  corresponding  paraffin  would  be 
C40H82 ;  hence  there  is  a  shortage  of  82  —  56  =  26  hydrogen 
atoms  due  to  the  presence  of  two  rings  and  eleven  double  bonds. 
The  conversion  into  vitamin-A  may  be  represented  by  the 
equation 

C19H27  -  CH  =  CH  -  C19H27  +  2H20  =  2C19H27  -  CH2OH 

the  molecule  of  carotene  takes  up  two  molecules  of  water  at  the 
central  double  bond  and  breaks  into  two  molecules  of  vitamin-A, 
each  having  one  ring  and  five  double  bonds,  as  shown  in  the 
above  formula.  Vitamin-A  is  therefore  a  highly  unsaturated 
primary  alcohol,  C20H29OH,  and  like  vitamin-D  it  is  a  lipoid. 
Like  vitamin-D,  it  is  unsaponifiable,  but  being  highly 
unsaturated,  it  is  readily  oxidised,  unlike  vitamin-D.  Thus 
when  a  current  of  air  is  passed  through  melted  butter,  the 
vitamin-A  is  destroyed. 

Carotene  is  widely  distributed  in  plants  (for  instance  in 
carrots) ;  from  fodder  grass  it  passes  into  (summer)  milk. 
Other  fat-soluble  coloured  “  lipochromes  ”  are  fairly  common 
in  nature,  but  do  not  seem  to  have  the  great  biological  import¬ 
ance  of  carotene.  Thus  the  red  colour  of  the  tomato  is  due  to 
a  hydrocarbon  isomeric  with  carotene,  and  the  colour  of  egg 
yolk,  maize,  saffron,  etc.,  is  also  due  to  lipochromes. 

In  this  connection  it  is  interesting  to  remember  the  popular 
appraisal  of  a  “rich”  yellow  colour  in  certain  foodstuffs.  In 
the  case  of  butter  this  may  originally  have  been  an  unconscious 
recognition  of  its  carotene  and  vitamin  content,  but  nowadays 
nearly  all  butter  is  coloured  artificially.  Saffron  was  perhaps 

Q 


CH3  CHg 


H2C  C— CH  = 
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first  used  by  cooks  in  order  to  suggest  a  carotene  effect, 
and  makers  of  custard  powders  doubtless  use  pigments  cheaper 
than  the  lipochrome  of  egg  yolk. 

The  other  vitamins  are  not  lipoids.  The  antineuritic 
vitamin-Bj  of  rice  germs  and  the  growth-promoting  vitamin-B2 
of  whey  both  contain  heterocyclic  rings  with  two  nitrogen 
atoms,  and  are  basic,  but  not  amines.  The  antiscorbutic 
vitamin-C  is  the  unstable  principle  of  fresh  vegetables  ;  it  is 
particularly  abundant  in  orange  juice,  and  is  largely  destroyed 
when  foodstuffs  are  kept  or  preserved.  This  vitamin,  now 
more  appropriately  known  as  ascorbic  acid,  is  a  comparatively 
simple  substance  related  to  the  hexoses  and  has  the  constitution 

O  =  C - - - 

C— OH 

II  o 

C— OH 

HC - - - 

HOC— H 

ch2oh 

Ascorbic  acid  is  oxidised  with  very  great  readiness  even  by 
atmospheric  oxygen,  and  is  now  manufactured  from  glucose 
by  a  complicated  series  of  reactions. 
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Accessory  food  factors,  240 
Acetaldehyde,  20-22,  129 
Acetamide,  140 
Acetanilide,  194 
Acetic  acid,  24-27 
anhydride,  51 

Aceto-acetic  acid,  89-91,  180 
Acetone,  56,  90 
“Acetone  bodies,”  90 
Aceto-isonitrile,  150 
Acetonitrile,  145 
Acetophenone,  175 
Acetylacetic  acid,  89-91,  180 
Acetyl  chloride,  50 
Acetylene,  21,  46,  63,  163,  169 
Acetylene  tetrachloride,  64 
Acetylsalicylic  acid,  188 
Acids,  fatty,  58,  60,  90 
homologous  series  of,  57 
Acids,  strength  of,  25 
Acrolein,  74 
Acrylic  acid,  74 
Acyl,  5 1 
Adalin,  159 
Adenine,  220 
Adrenaline,  199 
Agar,  120 
Alanine,  142 
Alanylglycine,  143 
Alcohol,  absolute,  5,  15 
ethyl,  4,  9,  12-16,  4 7 
industrial,  15 
methyl,  31 
methylated,  15 

Alcoholic  fermentation,  12-15,  1 27-129 
Alcohols,  classification  of,  53 
dihydric,  66 

homologous  series  of,  57 
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Alcohols,  polyhydric,  102 
Aldehyde  ammonia,  20 
resin,  23 
Aldol,  23,  34 
Aldoses,  103 
Ale,  14 

Aliphatic  compounds,  58,  163 
Alizarin,  203 
Alkaloids,  222-225 

tannin  as  antidote  to,  191,  223 
Alkaptonuria,  198 
Alkyl,  51 
Allantoin,  219 
Aluminium  carbide,  42 
Ally  1  alcohol,  74 
sulphide,  101 
Amides,  138-140 
Amines,  135-138,  199,  213 
Amino-acetic  acid,  v.  glycine 
Amino  acids,  133,  196-198,  225-234 
Amino-ethyl  alcohol,  137 
Amino  group,  135 
Aminopropionic  acid,  142 
Ammonium  carbamate,  158 
cyanate,  153,  156 
hydroxides,  136,  137,  235 
Amygdalin,  133,  148 
Amyl  acetate,  58 
alcohols,  58,  227 
nitrite,  59 
Amylase,  1 1 1 

Anaesthetics,  inhalation,  46,  47 
local,  224 

Analysis,  ultimate,  6 
Aniline,  193 
Anthracene,  203 
oil,  165 

Anthracite,  164 
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Anthraquinone,  203 
Antifebrine,  194 
Antimonyl,  99 
Antineuritic  vitamin,  242 
Antirachitic  vitamin,  240 
Antiscorbutic  vitamin,  v.  ascorbic 
acid 

Antisterility  vitamin,  240 
Apomorphine,  224 
Arabinose,  126 
Arbutin,  133 
Arginase,  162 
Arginine,  162,  228 
Aromatic  compounds,  163 
Ascorbic  acid,  242 
Asparagine,  227 
Aspartic  acid,  227 
Aspirin,  188 
Astringents,  190,  19 1 
Asymmetry,  82-84 
Atophan,  219 
Atropine,  223 
Autoxidation,  174 
Avertin,  47,  49 
Azo  compounds,  194,  197 

Bacterial  action,  13,  26,  42,  56,  60, 
76,  82,  123,  157,  198,  210,  213, 
225,  229,  233,  236 
Baeyer’s  test,  63,  97 
Balanced  action,  28,  49,  91 
Barbitone,  160 
Barbituric  acid,  159,  216 
Beer,  13,  14,  16 
Beeswax,  58 
Beet  sugar,  109 
Benedict’s  solution,  118 
Benzaldehyde,  173 
cyanhydrin,  133,  148 
Benzamide,  175 
Benzene,  163,  166,  l7o 
Benzenesulphonic  acid,  179 
Benzoic  acid,  174 
anhydride,  175 
Benzophenone,  175 
Benzoquinone,  183 
Benzoyl  chloride,  175 
Benzyl,  171 


Benzyl  alcohol,  173 
chloride,  172 
Beta-oxidation,  90 
Bile  acids,  238 
Biuret,  155,  156 
reaction,  231 
Bonds,  10 
Bouquet,  26,  60 
Brewing,  14 

“  Brick  dust”  deposit,  218 

Bromobenzenes,  isomerism  of,  167 

Bromural,  1 59 

Butanes,  38,  53 

Butyl  alcohols,  53 

Butyric  acids,  59 

Butyrolactone,  78 

Caffeine,  221 
Calciferrol,  240 
Calcium  carbide,  64 
cyanamide,  158 
sucrate,  no 
Camphor,  237 
Candles,  69 

Cane  sugar,  109,  1  17,  132 
Cannizzaro’s  reaction,  174 
Caproic  acid,  60 
Caramel,  no 
Carbamic  acid,  158 
Carbamide,  154,  see  Urea 
Carbides,  4  t ,  42,  64,  65 
Carbohydrates,  102-134,  144 
Carbolic  acid,  177 
oil,  165,  178 

Carbon,  assimilation  of,  121 
detection  of,  6 
monoxide,  10,  93,  147 
tetrachloride,  43 
Carbonyl  chloride,  45,  154 
group,  20 

Carboxyl  group,  24 
Carboxylase,  129 
Carbylamines,  150 
Carotene,  241 

Catalysis,  12,  21,  26,  28,  3  r ,  32,  65,  1 
152,  239 
Catechol,  182 
Cellobiose,  132 
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Celluloid,  124 
Cellulose,  42,  120,  122-125 
triacetate,  124 
trinitrate,  123 
Cetyl  alcohol,  57 
palmitate,  58,  174 
Chitosamine,  138 
Chloracetic  acids,  50 
Chloracetyl  chloride,  143 
Chloral,  44,  47,  48 
Chloramine-T,  196 
Chloroform,  44-47,  150 
Chloromethanes,  43 
Chlorophyll,  207 
Chlorotoluenes,  172 
Cholesterol,  236,  237 
Cholic  acid,  238 
Choline,  235 
Cider,  13 
Citric  acid,  100 
Coal  gas,  164,  165 
tar,  164,  165 
Cocaine,  222,  224 
Cod  liver  oil,  239,  240 
Codeine,  224 
Co-enzyme,  127 
Collodion,  124 

Colloids,  70,  120,  149,  190,  232 
Configuration,  104,  107 
Cordite,  73,  124 
“  Coupling,55  194,  213 
Cream  of  tartar,  99 
Creatine,  161 
Creatinine,  114,  162 
Creosote,  165,  185 
Cresols,  181,  198 
Crude  fibre,  123 
Cuprous  cyanide,  152 
Cyanamide,  158,  161,  162 
Cyanhydrins,  22,  133 
Cyanic  acid,  152 
Cyanides,  147,  148,  151 
Cyanogen,  151,  152 
derivatives,  145*153 
Cyanogenetic  glucosides,  148 
Cyclohexane,  169,  237 
Cysteine,  228 
Cystine,  228,  233 


Cystinuria,  229 
Cytase,  123 

Decarboxylation,  35,  42,  45,  90, 
129,  199,  213,  225 
Denaturation  of  alcohol,  15 
Dermatol,  189 
Dextrin,  122 
Dextrose,  105 

Diabetes,  2,  77,  90,  105,  117,  196 
Diacetic  acid,  89 
Dial,  160 
Diastase,  1 1 1 
Diatomaceous  earth,  72 
Diazobenzene  sulphonate,  197 
Diazo  compounds,  194,  197,  213 
Dibasic  acids,  92-99 
Digallic  acid,  189 
Dihydroxy-acetone,  103 
Di-iodotyrosine,  201 
Diketopiperazine,  230 
Dimethyl  sulphate,  59 
Diphenyl  ether,  201 
Disaccharides,  108-113,  13 2 
Dismutation,  128,  174 
Distillation,  4 

Double  bonds,  21,  56,  61-63 
Dynamite,  72 

Ecgonine,  224 

Egg  albumin  of  duck  and  hen,  234 
Elements,  detection  of,  6,  7 
Empirical  formulae,  7 
Emulsin,  132,  133 
Emulsions,  71,  181,  238 
Endothermic  compounds,  64 
Enzymes,  12,  69,  in,  123, 127-129, 132, 
M4>  1 55»  1 57,  162,  210,  220 
Ephedrine,  200 

Epinephrine  v.  Adrenaline,  199 
Ergosterol,  240 
Esters,  28 
Ethane,  37 

Ethanesulphonic  acid,  101 
Ether,  10,  17,  46 
Ethereal  salt,  28 
Ethereal  sulphates,  180,  185,  21 1 
Ethoxy  group,  9 
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Ethyl  acetate,  27,  29 
alcohol,  4,  9,  12-16,  47 
benzoate,  175 
chloride,  17,  30,  46 
cyanide,  15 1 
ether,  10,  17,  46 

hydrogen  sulphate,  18,  29,  59,  61, 
63 

Ethyl  iodide,  17 
mercaptan,  100 
nitrite,  59 
oxide,  10,  17 
radicle,  9-1 1 
sulphide,  101 

sulphuric  acid,  18,  29,  59,  61,  63 
Ethylamine,  146 
Ethylene,  46,  47,  61 
chlorhydrin,  62,  66 
diamine,  137,  152 
dibromide,  62,  64 
dichloride,  62 
Ethylidene  chloride,  66 
Eugenol,  185 
Excise  duty,  15,  16 
Explosives,  72 

Fats,  69,  134 
Fatty  acids,  58,  60,  90 
compounds,  58 

Fehling’s  solution,  99,  114,  117 
Fermentation,  acetous,  26 
alcoholic,  12-15,  127-129 
acetone,  56 
butyric,  60 
lactic,  76 

test  for  sugars,  1 1 5 
Ferments,  see  Enzymes 
Ferricyanides,  149 
Ferrocyanides,  149 
Fire-damp,  42 
Formaldehyde,  82,  121,  231 
Formalin,  33 
Formamide,  140 
Formic  acid,  35,  55,  150 
Formol,  33 
titration,  231 
Formonitrile,  146 
Formulae,  empirical,  7 


Formulae,  calculation  of,  6,  7 
molecular,  8 
spatial,  80,  81 
structural,  10 
Fractional  distillation,  5 
Freezing  point  depression,  5,  8 
Fructose,  107,  120,  206 
Fulminates,  146 
Furane,  206 
Furfural,  206 
Fusel  oil,  58,  227 

Galactose,  105,  1 1 3 
Gallstones,  236 
Gallic  acid,  189 
Gelatine,  198,  230 
Gin,  15 

Ginger  beer,  13 
Gluconic  acid,  106 
Glucosamine,  137,  232 
Glucose,  104,  122 
a  and  (3,  130 
detection  of,  1 14 
estimation  of,  117-119 
Glucosides,  131-133 
Glutamic  acid,  227,  230 
Glutathione,  230 
Glyceric  aldehyde,  103 
Glycerides,  68 
Glycerol,  67,  128,  129 
Glycerophosphoric  acid,  73,  235 
Glyceryl  trinitrate,  71 
Glycine,  140-142,  216,  229,  230,  238 
Glycocholic  acid,  238 
Glycocoll,  see  Glycine 
Glycogen,  76,  125 
Glycol,  65,  129 
Glycollic  acid,  75,  79,  83 
aldehyde,  75,  103 
Glycuronic  acid,  49,  106,  206 
Glycylalanine,  143 
Glycylglycine,  143 
Glycyltryptophane,  210 
Glyoxaline,  212 
Glyoxylic  acid,  75,  210 
Gout,  219 
Grape  sugar,  105 
Graphic  formulae,  v.  structural 
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Growth-promoting  vitamin,  240 
Guaiacol,  185 
Guanidine,  160 
Guanine,  160,  220 
Guano,  160,  219 
Gun-cotton,  72,  73,  124 
Gunpowder,  72 

H2E matin,  207 
Haemoglobin,  207,  232 
Haemopyrrole,  208 
Halogen,  detection  of,  7 
Hard  water,  70 
Hardening  of  fats,  69 
Heart  poisons,  239 
“  Hedgehog  spines,”  218 
Heroine,  224 

Heterocyclic  compounds,  204-225 
Hexahydrobenzene,  169,  237 
Hexamethylene  tetramine,  34 
Hexane,  40,  169 
Hexone  bases,  228 
Hexosephosphoric  acid,  127 
Hexylresorcinol,  182 
Hippuric  acid,  175 
Histamine,  213 
Histidine,  212,  218,  228,  229 
Homatropine,  224 
Homocyclic  compounds,  204 
Homogentisic  acid,  198 
Homologous  series,  39,  40,  57,  15 1 
Hydracrylic  acid,  77 
Hydrazine,  1 15 

Hydro-aromatic  compounds,  39,  169, 
237-240 

Hydrocarbon,  37 
Hydrocyanic  acid,  22,  147 
Hydrogen  ion  concentration,  25,  in 
Hydrolysis  of  esters,  28 
of  fats,  69 
of  salts,  25 
Hydroquinone,  183 
Hydroxy  acids,  75 
Hydroxybutyric  acid,  77,  90 
Hydroxy-indole,  21 1 
Hydroxyl  group,  9 
Hydroxylamine,  24,  146,  148 
Hydroxymethyl  furfural,  206 


Hydroxyproline,  208 
Hypnone,  176 
Hypnotics,  159,  160 
Hypoxanthine,  220 

Imides,  195 
Iminazole,  212 
Imino  group,  195 

Immunity,  chemical  basis  of,  233, 

234 

India-rubber,  63 
Indican,  212 
Indigo,  212 
Indole,  209 
Indoxyl,  21 1 
Inks,  19 1 
Inulin,  120 
Invert  sugar,  1 1 1 
Invertase,  1 1 1 
Iodine  in  the  body,  201 
Iodoform,  48 
Irradiation,  239 
Isoamyl  alcohol,  227 
Isobutane,  38 
Isocyanides,  150,  15 1 
Isoleucine,  227 

Isomerism,  32,  36-39,  52,  53,  167, 

168 

Isonitriles,  149 
Isovaleric  acid,  159 

Kekule’s  benzene  formula,  166,  167, 

169 

Kephir,  13,  1 13 
Keto  acids,  89 
Ketobutyric  acid,  89 
Ketones,  55 
Ketoses,  103 
Ketostearic  acid,  90 

Lactase,  113 

Lactic  acid,  76,  79,  82,  129 

Lactide,  77 

Lactones,  78 

Lactose,  113,  1 17,  132 

Lcevulose,  107,  120 

Lanolin,  238 
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Lead  plaster,  70 

Lecithine,  234,  235 

Leucine,  227,  231 

Lignite,  4 1 

Lipase,  69 

Lipochromes,  241 

Lipoids,  235-240 

“  Liquefaction”  of  coal,  41,  64 

Liquefied  phenol,  179 

Lithia  water,  2  19 

Lubricating  oil,  40 

Luminal,  160 

Lyddite,  193 

Lysine,  228,  230 

Lysol,  1 81 

Maleic  acid,  94,  98 
Malic  acid,  93,  227 
Malonic  acid,  93,  159 
Malonylurea,  159,  216 
Malt,  14 
Maltase,  1 12 
Maltose,  111,  1 17,  132 
Mandelic  acid,  148,  224 
Mannitol,  102 
Mannose,  105 
Margarine,  69,  71 
Marsh  gas,  42 
Mead,  13 
Medinal,  160 
Melting  point,  5,  8 
Mercaptans,  100,  229 
Mercuric  cyanide,  148,  151 
Mesotartaric  acid,  96,  98 
Meta  position,  167 
Metastable  condition,  27 
Methane,  37,  42,  123 
Methanol,  54 
Methyl  alcohol,  31 
chloride,  43 
ether,  32 
glucosides,  13 1 
glyoxal,  128 
iodide,  32,  37 
salicylate,  189 
sulphate,  59 
Methylamine,  135,  150 
Methylated  spirit,  15 


Methylene,  33,  74 
chloride,  43 
Milk  sugar,  1 13 
Millon’s  reagent,  197 
Mineral  oil,  39-42 
Mixed  ethers,  32 
Molasses,  14,  109,  147 
Molecular  formulae,  8 
weight,  8,  233 
Molisch’s  test,  232 
Morphine,  222,  224 
Murex:de,  218 
Mutarotation,  130 

Naphtha,  15,  40 
Naphthalene,  202 
Naphthols,  203 
Narcoform,  46 
Narcylene,  46 
Neuronal,  159 
Nicotine,  208,  222 
Nitriles,  145 
Nitrites,  effect  of,  59,  73 
Nitrobenzene,  192 
Nitro  compounds,  191-193 
Nitrogen,  detection  of,  6 
Nitroglycerine,  72 
Nitrolime,  158 
Nitrophenols,  192,  193 
Nitroso  compounds,  136 
Nitrous  acid,  136,  139,  194,  216 
Nitrous  oxide,  47 
Novocaine,  224 
Nucleic  acid,  214 
Nylander’s  solution,  114 

(Enanthic  acid,  60 
CEstrol,  239 
Oil,  bone,  208 
essential,  237 
fatty,  69 
fusel,  58,  227 
light,  165 
mineral,  39-42 
of  bitter  almonds,  173 
of  cloves,  185 
of  garlic,  101 
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Oil  of  wintergreen,  189 
Olefiant  gas,  62 
Olefines,  62,  74 
Oleic  acid,  68 

Optical  activity,  42,  73,  82-88,  90,  93, 

95>  97,  hi,  I3r>  132,  199,  22 7 
Ortho  position,  167 
Osazones,  116 

Osmotic  pressure  of  proteins,  233 
Oxalic  acid,  35,  92,  152 
Oximes,  24,  5 7 
Ozone,  63 

Paint,  drying  of,  69 
Palmitic  acid,  57,  68,  90 
Para  position,  167 
Paraffin,  37,  41 
wax,  40 

Paraformaldehyde,  33 
Paraldehyde,  22,  24 
Parchment  paper,  123 
Pauly’s  reaction,  213 
Pear  drops,  58 
Pentane,  38,  39 
Pentosans,  120,  206 
Pentoses,  120,  126,  206 
Pepsin,  144 
Peptides,  142-144 
Peptones,  144,  232 
Petrol,  40 
Petroleum,  39-41 
ether,  40 
Phenacetine,  194 
Phenanthrene,  203 
“  Phene,”  1 7 1 
Phenol,  177-180,  198 
Phenolic  acids,  187-191 
ethers,  185 
Phenyl,  171 
nitrite,  192 
salicylate,  188 
Phenylalanine,  196 
Phenylhydrazine,  115 
Phenylhydrazones,  115 
Phenylsulphuric  acid,  180 
Phenylenediamines,  194 
Phloroglucinol,  184 
Phosgene,  45,  154 


Phosphatides,  235 

Phosphoric  acid  derivatives,  73,  127, 
214,  236 

Photography,  183 
Photosynthesis,  121 
Picric  acid,  193,  232 
Pinewood  reaction,  208 
Piperazine,  219 
Piperidine,  205 
Pitch,  165 

Polarimeter,  86,  1 1 5 
Polarised  light,  79,  82,  85-88 
Polyhydric  alcohols,  102 
Polymerisation,  22,  34,  63 
Polypeptides,  144,  231 
Polysaccharides,  108,  120-125 
Potassium  cyanate,  153,  217 
cyanide,  147 
ferricyanide,  149 
ferrocyanide,  149 
mercuri-iodide,  222 
Press  juice,  127 
Primary  alcohols,  53 
amines,  136 
Procaine,  224 
Progesterone,  239 
Proline,  208 
Proof  spirit,  16 
Propane,  37,  52 
Propionic  acid,  57 
Propionitrile,  151 
Propyl  alcohols,  52 
Proteins,  144,  154,  225-234 
Proteolytic  enzymes,  144 
Prussian  blue,  146,  149 
Prussic  acid,  146 
Ptomaines,  225 
Ptyalin,  112 
Purgatives,  203 
Purine,  214 

Putrefaction,  42,  123,  157,  198,  210, 
213,  225,  229,  236 
Pyridine,  204,  223 
Pyrimidine,  214 
Pyrocatechin,  182 
Pyrogallol,  183 
Pyrrole,  207 
Pyrrolidine,  207 
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Pyrrolidine  carboxylic  acid,  208 
Pyruvic  acid,  89,  128 

Quadrivalency  of  carbon,  10 
Quaternary  bases,  137 
Quinine,  222 
tannate,  223 
Quinol,  182 
Quinoline,  205 
Quinone,  183 

Racemic  acid,  98,  97 
mixture,  82 
Radicles,  organic,  10 
Raffinose,  108 
Rancidity,  71 
Rayon,  124 
Rectified  spirit,  15 
Resolution  of  racemic  mixtures,  96 
Resorcinol,  182 
Respiratory  quotient,  1 33- 1 34 
Rhamnose,  126 
Rickets,  239,  240 
Rochelle  salt,  99 
Rum,  14 

Saccharides,  108 
Saccharin,  195 
Saccharose,  109 
Salicin,  133,  188 
Salicyl  alcohol,  188 
Salicylic  acid,  91,  187-189 
Salol,  188 

Saponification,  29,  70 
Sarcolactic  acid,  79,  82 
Sarcosine,  161 
Schweizer’s  reagent,  124 
Secondary  alcohols,  53 
amines,  136 
Serine,  227 
Sex  hormones,  239 
Shale,  40 
Side  chain,  174 
Silk,  artificial,  124 
natural,  142,  227 
Silver  cyanide,  148 
Skatole,  210 
Soaps,  69,  70 
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Sodium  bisulphite,  22,  56 
ethoxide,  9 
methoxide,  32 
phenoxide,  178,  179 
salicylate,  187 
Solubility,  19,  21,  29,  46,  57 
Soluble  starch,  122 
Sorbitol,  105 
Soy  bean,  157 
Space  formulae,  80 
Spermaceti,  58,  174 
Spirit  of  nitre,  sweet,  59 
of  wine,  4,  13 
Spirits,  14 
Starch,  120-122 
Stearic  acid,  57,  68,  90 
Stereoisomerism,  79-85,  94-98, 
1 16,  131,  132,  199,  227 
Sterols,  237 
Stout,  14 

Strontium  sucrate,  no 
Structural  formulae,  10 
Strychnine,  222 
Substitution,  43 
Substrate  of  enzymes,  in 
Succinic  acid,  93,  15  1 
Succinimide,  195 
Sucrase,  1 1 1 
Sucrose,  109 

Sugars,  102-113,  I26,  130,  132 
detection  of,  114-117,  126,  207 
estimation  of,  117- 1 19 
Sulphides,  101 
Sulphonal,  101,  160 
Sulphones,  10 1 

Sulphonic  acids,  101,  179,  197 
Synthesis,  1,  153,  216,  231 

Tadpoles,  47,  201 
Taka-diastase,  112 
Tannins,  189,  223 
Tap-funnel,  19 
Tartar  emetic,  99 
Tartaric  acid,  95-99 
Taurine,  238 
Taurocholic  acid,  238 
Tautomerism,  91,  184,  213,  216 
Tea,  caffeine  in,  221 
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Tea,  tannin  in,  190,  191 
Terpenes,  237 
Tertiary  alcohols,  53 
amines,  136 
Testosterone,  239 
Tetrahedral  formulae,  80 
Tetramethylammonium  iodide,  136 
Theobromine,  2:0,  221 
Thiocarbonates,  124 
Thio  compounds,  100,  101 
Thiocyanates,  153 
Thiourea,  153 
Thymol,  18 1 
Thyroxine,  200,  201 
Toluene,  1 7 1 ,  1721 
Toluenesulphonamides,  195,  196 
Toluidines,  194 
Tribromo-ethyl  alcohol,  47,  49 
Tribromophenol,  180 
Trichloracetaldehyde,  44 
Trichloracetic  acid,  45,  50 
Trimethylamine,  137,  236 
Trinitrophenol,  193 
Trinitrotoluene,  193 
Trioxymethylene,  33 
Triolein,  69 
Tripalmitin,  68 
Tristearin,  68 
Tropic  acid,  223 
Tropine,  223 
Trypsin,  144 

Tryptophane,  209,  210,  230 
Tyramine,  199 
Tyrosine,  197,  198 

Unsaturated  compounds,  62 
Urates,  218 

Urea,  1,  153-157,  161,  162 
Urease,  155,  157 
Ureides,  159,  160,  216 


Urethanes,  158,  159 
Uric  acid,  1 14,  215-219 
Urinary  calculi,  92,  218,  229 
indican,  212 
Urotropine,  34 

Valency,  10 
Valerian  root,  159 
Valeric  acid,  60 
V  alyl,  159 
Vanillin,  185 
Vapour  density,  8 
Vaseline,  40 
Veronal,  160 
Vinegar,  26 
Viscose,  124 
Vital  force,  1,  153 
Vitamins,  239-242 
Voluntal,  159 

Waxes,  58,  71 
Whisky,  14 

Wine,  4,  13,  60,  128,  190 
Wood,  26,  164 
Wood  spirit,  31 
tar,  185 

Xanthine,  220 
Xanthogenates,  124 
Xanthoproteic  reaction,  197 
Xylene,  171 
Xylose,  126 

Yeast,  12,  13,  89,  113,  129,  132,  227 
230 

Zein,  230 

Zinc  cyanide,  147,  148 
Zymase,  12,  127 
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